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ThiB report provides a reasonable insight into the advantages
and disadvantages of the PASS if installed in a single- or
twin-engine powered helicopter. Drawings that describe the
PASS components are included to give the reader a better
understanding of the system. Life-Cycle Cost data has been
generated and should be used with caution while being care-
ful to define the anticipated Aircraft Usage Rate of Flight
hours per month. Data is included for usage rates of 30 to
120 hours per month for all systems considered .

Mr. Paul Chesser of the Propulsion Technical Area , Technology
Applications Division, served as Project Engineer for this
effort.
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The study included a design evaluation of a PASS for both single-
and twin—engine helicopters. In addition , a comparison of a PASS
and an equivalent electric start system was made on the basis of
per formance , wei~ flt, reliability, maintainability, vulnerability,

‘
I and life-cycle cost. The logistics of operating the PASS using

current and planned ground support equipment was studied.

The results of the comparison indicated that PASS offers the
following improvements over electric star ting:1

o ~-Engine start times can be reduced significantly~

o System weight is lowers

o Maintenance requirements can be reduced~

o Reliability is improved significantly ,

o Life—cycle cost can be reduced 30 to 40 percent 
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SUMMA RY

This report presents the results of an evaluation of

a Pressurized Air Start System (PASS) for advanced Army

helicopters. PASS is a new concept for starting gas turbine

~ 

‘.~ propulsion engines that currently use electric starters in
conjunction with nickel—cadmium batteries.

The Pressurized Air Start System includes an air

turbLine starter mounted on the engine, an air storage

(pressure vessel) and control module, and a recharge com—

pressor located remotely in the aircraft. The starting

energy is stored in the pressure vessel. After the start

has been made, the compressor uses bleed air from the main

engine as the power source for recharging the pressure

vessel.

In addition to starting from stored energy , the engine

can be started using compressed air from a pneumatic ground

cart or bleed air from the other engine in a twin—engine

helicopter. The starter has both a high- and a low-

pressure connection for operation with the various power

sources.

The evaluation was conducted for both single- and twin-

engine helicopters. The single—engine helicopter considered

utilized the T700—GE—700 engine rated at 1543 shp. The

twin—engine helicopter considered utilized the TSE1O35

designed in response to the Army t s solicitation for an

800-shp Advanced Technology Demonstrator Engine and is a
typical advanced 800—shp engine for this study.
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The study program included evaluation of the following

tasks:

• Design

• Maintenance

• Reliability

• Life—Cycle Cost

• Logistics

• Vulnerability

A comparison was made of a PASS with an electric start

system for each engine.

The results of the evaluation are summarized below:

Weight

System weight Weight
(ib) savings with
Electric PASS

Engine PASS start (ib)

Single 157 238 81
T700—GE—700

Twin 128 147 19- -

Performance

Time to accelerate to starter
cutout speed

(sec)
• Engine PASS Electric start 

-

T700—GE—700 8.8 25.7

TSE1O35 5.9 16.1

Note: Based on sea level —25°F
static design conditions.
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Maintenance

Maintenance man—hours
per 1000 f l ight hours

Engine PASS Electric start

Single 12.91 33.14
T700—GE—700

Twin 13.72 16.73
TSE1O35

Rel iability

Average system MTBF
Engine PASS Electric start

Single 564 37
T700—GE—700

Twin 478 94
TSE1O35

Life-Cycle Cost

10—year life—cycle cost
for 700 aircraft

(millions of 1977 dollars)
Engine ~~ASS Electric start

Single 19.15 32.44
T700—GE—700

Twin 23.86 31.60
TSEIO35

Vulnerability

Total possible sys tem
area exposed to

ballistic impact (sq in.)
Engine PASS Electric start

Single 1285 558
T 70 0—GE—7 00
Twin 1039 492
TSE1O 35

5
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As shown , the PASS offers significant improvement over
the electric start system in all of the parameters except

vulnerability.
‘4

In addition to presenting the results of the study ,
Appendix A of this report presents a summary of the
AiResearch company—sponsored PASS Research and Development

Program. This program has been active since 1974 and has

included the experimental development of components for an

APU starting system as well as main propulsion engines.

6
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INTRODUCTION

The PASS concept is i l lustrated by the block diagram

of Figure 1. The system uses an air starter mounted on

the propulsion engine starter pad. This starter is

similar to that currently in use on the Utility Tactical

Transport Aircraft (UTTAS) and the Advanced Attack Heli-

copter ( AAH) . The power supply for the starter is con—

tam ed in the air storage (pressure vessel) module . The

-~ 
• control module regulates the air pressure to the starter

- 
•

. and contains the necessary components for controlling the

operation of the system. A piston compressor is used to

recharge the pressure vessel after the engine has been

started.

The study program described in this report was based
on expanding an initial preliminary study conducted by

AiResearch as a portion of a company—sponsored research
and development program. The preliminary study included
primarily weight and performance comparison with an

electric start system. The more detailed evaluation

described in this report includes:

• Design for both single- and twin-engine
aircraft

• Maintenance

• • Reliability

• Life-Cycle Cost

• Logistics

• Vulnerability

16
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In addition to presenting the results of these studies , a
description of the activities conducted under the AiResearch
company—sponsored research and development program is pre—
sented in Appendix A

a
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DISCUSSION OF STUDY TASKS

-‘4

The results of an evaluation of the study program are

• . presented in the following paragraphs. A discussion is

presented for each of the study tasks defined in the

USAAND RL Statement of Work.

TASK I - DESIGN

• A design study of the pressurized air start system for

single— and twin—engine helicopter installations was con-

ducted. The single—engine aircraft was based on the

T700—GE-700 engine, and the twin—engine aircraft was based

on an advanced 800—shp engine (AiResearch Model TSE13O5).

Although the AiResearch TSE1O35 is not an existing engine ,

detailed aerodynamic and mechanical design studies of this

engine have been conducted. The starting characteristics,

applicable to this study , were estimated based on the
- —

• 

thermodynamic unbalanced torque calculation and measured

drag data from other similar AiResearch engines .

The PASS configurat ions selected for evaluation are

shown in Fi gures 2 and 3, which show the single- and twin-
engine systems , respectively. These configurations were

established based on the results of previous studies

conducted under the AiResearch company—sponsored PASS 
—

Research and Development Program. A summary of the
— 

company—sponsored program is presented in Appendix A.

19
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SYSTEM OPERATION

Operation of the single-engine system shown in
Figure 2 is as follows. With the pressure vessels charged ,

a start is initiated by energizing the regulator and shutoff

valve to open. Air flows from the primary pressure vessel

to the regulator . The pressure is regulated to approxi-

mately 25 0 psig and is ducted to the high—pressure inlet
of the air turbine starter (ATS) . When the starter has

accelerated the engine to starter cutout speed , a signal
from the starter speed switch closes the regulator and

shutoff valve to terminate the start.

After the engine has been started , the shutoff valve
at the inlet of the recharge compressor is energized

open. This allows main ergine bleed air to enter the

compressor drive motor , which is an air turbine. The

two—stage compressor inlet is charged with a small amount

of the engine bleed air for the compression process. The

compressor discharge is ducted to the control manifold of

the primary pressure vessel through a check valve. When

• the pressure level reaches approximately 1000 psig, the
pressure switch closes and provides a signal to close the

shutoff  valve at the compressor motor inlet to terminate
operation.

Additional control and safety components that are
included on the primary pressure vessel manifold include :

• Burst Disc — Relieves the air pressure in

the event of an overpressure condition

such as would be caused by overheating.
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• Pressure Gauge — Al lows monitoring system

pressure for maintenance .

• Auxiliary Fill Port - A connection to

attach a portable ground air compressor
P

. or gas servicing unit to pressur ize

the system in the event of leakage or
maintenance action requir ing servicing.

• Moisture Collector — A small reservoir
to collect moisture and discharge it
during the start cycle to prevent any
accumulation that may freeze in low—
temperature environments .

In addition to the primary pressure vessel , a reserve
pressure vessel is attached to the primary vessel through
a shutoff valve. This unit provides a redundant start

capability to the system. This unit is normally isolated

from the system by the shutoff valve and , in the event of

leakage in the primary , the shutoff valve is opened to
pressurize the system for a start. The reserve pressure 

—

can also be used simultaneously with the primary for opera-
tion at extreme low temperatures (below —25°F) . The

reserve pressure vessel also includes a pressure gauge and

a burst disc.

In addition to using the PASS air supply for starting ,
the engine can be started using a low—pressure pneumatic

ground cart. When the pneumatic ground cart is attached

to the a i rcraf t, air flows through the starter control

23
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valve to the low—pressure inlet of the air turbine s tar ter.
In the event the ground cart pressure is too high , the
starter control valve will  regulate  the starter inlet
pressure ( 4 0  psig) to prevent applying excessive torque
to the engine .

Operation of the twin—engine a i r c ra f t  system (see
Figure 3) is identical to the single—engine aircraft

system except as follows : Select the eng ine to be started
using the PASS air supply system and initiate start. After

this engine has been started using the PASS, the other
engine is started by cross-bleeding the operating engine
to the low—pressure inlet of the s tar ter .  The s tarter
control valve in this system controls both cross—bleed
and pneumatic ground cart operation.

Since both air turbine starters are supplied from a

common pressure supply in the high—pressure start mode ,
shutoff valves are included in the high—pressure line to

select the appropriate starter .

• .I2RESSURE VESSEL SIZING

The air storage requirements for starting the T700-

GE—700 and TSE1O35 engines were determined by using an
AiResearch computer program that simulates the blowdown

characteristics of the pressure vessel and regulator

valve , the starte r performance characteristics, and the
engine starting characteristics. The pressure vessel

sizing was based on a design requirement of providing —

two engine starts (one from each pressure vessel) at an

24
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ambient temperature of —25°F at sea level ambient pressure .

For the analysis , it was assumed that the pressure vessel

was charged to 1000 psig at an ambient temperature of 59°F

and then soaked to the -25°F condition .

• The results of the pressure vessel sizing analysis

are shown below :

Required pressure vessel Pressure vessel
size for one start dimensions

Engine at sea level —25°F Diameter Length

T700—GE—700 3400 cu in. 13.0 in. 33.0 in.

TSE1O35 1000 cu in. 8.9 in. 22.7 in.

The effect of ambient temperature on pressure vessel

sizing is shown in Figures 4 and 5 for the T700-GE-700 and
TSE1O35 engines , respectively. As shown in these figures ,
with the pressure vessels sized to provide two starts (one

from each unit) , the engines can be started below —65°F by

using both pressure vessels simultaneously . This precludes

any special winterization requirements for the system.

The engine start ing characteristics used for this
analysis are shown in Figures 6 and 7. The T700—GE—700

engine data was supplied to AiResearch by General Electric.

The starting characteristics of the TSE1O35 engine were

estimated by AiResearch.

25
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NOTES:

1. P R E SSU R E  V ESSEL ASSUMED eHARGE D TO
- ‘ 1000 PSIG AT 59°F AND THEN SOAKED TO

AMBI ENT T EMP ERATUR ES SH OWN
• 4000 2. PRESSURE VESSEL SIZE BASED ON ONE
• START AT THE AMBIENT TEMPERATURE
• SHOWN

3500 

3. SEA LEVEL STATIC CONDITIONS

I:
2000 — — —____ 

______

-80 -40 0 40 80 120 160
AMBIENT TEMPERATURE . °F

Figure 4. PASS starting data for General Electric
T700—GE—700 engine.
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NOTES:
1 . PRESSURE VESSEL ASSUMED CHARGED TO 1000 PSIG AT 59°F

AND THEN SOAKED TO AMBIENT TEMPERATURES SHOWN
2. PRESSURE VESSEL SIZE BASED ON ONE START AT THE

AMBIENT TEMPERATURE SHOWN
3. SEA LEVEL STATIC CONDITIONS

1200 _ _ _ _ _  _ _ _ _ _

F 0 

_ _ _ _

_

_ _ _ _  _ _ _ _

_

_ _ _ _

_

_ _ _ _

I

80C — ________ ________ ________

a

70C __________ 
I 

___________ ___________ ___________

-80 -40 0 40 80 120 160
AMBIENT TEMPERATURE . 0F

Figure 5. PASS s t a r t i n g  data for  TSE 1O35 eng ine .
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• SEA LEVEL

• ENGINE INERTIA = 0.106 SLUG-FT2
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~~~~~~~~~~ 
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— 

4-STARTER CUTOUT

Lu —, ~~~
- •L IGHTOFF I

5 — — — — — - S PEED - __ _ _  _ _  _ _

___ — — 

RANGE I
15

0 2 4 6 8 10 12 14 16 18 20 22
STARTER DRIVE SHAFT SPEED. 1000 RPM

Figure 6. Starting torque and speed requirements ,
sea level static conditions ,
T700—GE—700  engine .
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• 
- . SEA LEVEL

• ENGINE INERTIA - 0.0248 SLUG-FT 2

• LIGHTOFF SPEED • 5100 RPM

10

STARTER
CUTOUT

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

-1C
0 10 15 20 25

ROTOR SPEED, 1000 RPM

Figure 7. Estimated Rtarting characteristics ,
TSE 1O35 engine .
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AIR TURBINE STARTER PERFORMANCE CHARACTERISTICS

The s tar t ing characteristics of the engines when

operated with the air turbine starters in the high—pressure

mode are shown in Figures 8 and 9 for the design ambient
temperature of —25°F. Star t ing data for other ambient  tem—

peratures is summarized in Table 1.

The air turbine starters desi gned for the T700—GE—70 0
and TsElO35 engines were derived from AiResearch Model
ATS 18—3 used on the UTTAS and AAH helicopters. A pho to-
graph of this unit is shown in Figure 10. The starter
designations for this study are as follows :

Starter
• Eng ine part number

T700—GE—700  3505380 (Fi gure B—4 -)

TSE 1O35 3505386 (Figure B— b )

The basic changes required to modif y Model ATS18—3 for use
with PASS include :

• Modification of the inlet air housing to

provide ports for both high and low

pressure.

• Redesign of the turbine stator for the

partial admission nozzles.

• Reduction gearbox modified to change

turbine to output shaft gear ratio from
6 .6  to 4 . 5 .
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NOTES:
1. SEA LEVEL STATIC CONDITIONS
2. AMBIENT TEMPERATURE = -25°F

- -. 3. PERFORMANCE SHOWN IS FOR OPERATION WITH A
3400 IN.3 PRESSURE VESSEL CHARGED TO 1000 PSIG
AT 59°F AND SOAKED TO -25°F

4. ENGINE ROTOR INERTIA = 0.106 SLUG-FT2
REFERENCE AT STARTER DRIVE SHAFT

5. REGULATOR VALVE SETTING = 235 PSIG
6. TIME TO MINIMUM CUTOUT SPEED = 8.8 SEC

• 7. TIME TO ENGINE IDLE = 16.2 SEC
• 30

— STARTER

~ 
20 - 

~~~~~~~~~~~~~~~~ TORQUE

• 

~
- I ~~ —STARTER

• CUTOUT

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ RANGE 
—

ENGINE
0 

~~~~~~~~~~~~~~~ 

,
~~~

/

‘
SPEED —

_30
~ 5 10 15 20 25

STARTER DRIVE SHAFT SPEED. 1000 RPM

Figure 8. PASS starting characteristics,
T700—GE—700 engine.
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NOTES:
1. SEA LEVEL STATIC CONDITIONS

• 2. AMBIENT TEMPERATURE = -25°F
3. PERFORMANCE SHOWN IS FOR OPERATION WITH A

- 
- 1000 IN.3 PRESSURE VESSEL CHARGED TO 1000 PSIG

AT 59°F AND SOAKED TO -25°F
4. ENGINE ROTOR INERTIA = 0.051 SLUG-FT2

REFERENCED AT STARTER DRIVE -SHAFT
5. REGULATOR VALVE SETTING = 235 PSIG
6. TIME TO MINIMUM CUTOUT SPEED = 5.9 SEC
7. TIME TO ENGINE IDLE = 9.6 SEC

I-

~ 20
-j STARTER

10 

~~~~~~~~~ ~~~~~~~TORQUE 
— STARTER _ _ _ _ _ _ _

~~~~~~~~
. L ~IJ’ CUTOUT

— ENGINE ~~ I I SPEED

~ 
N~~~

J 
RANGE

~~~~~EN GINE

-io ~~~~L
SPEED

Ui

a 
_ _ _ _ _ _ _  _ _ _ _ _ _ _ _  _ _ _ _ _ _ _  _ _ _ _ _ _ _  _ _ _ _ _ _ _

~~~-20
o 0 5 10 15 20 25

STARTER DRIVE SHAFT SPEED, 1000 RPM

Figure 9. PASS starting characteristics,
TSE1O35 engine.
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TABLE 1. SU MMARY OF ENGINE STARTING CHARACTERISTICS.

Engine Amb ient Pressure Time to Time to
temperature vessel minimum engine

(°F) volume cutout speed idle speed
( in . 3) (sec) (sec)

• 125 3400 6.8 14.4

T700 59 3400 7.2 15.1
—GE—700 —25 3400 8.8 16.2

—65 6800 9.4 17.7

125 1000 5.6 10.0

TSE1O 59 1000 5.6 9.7
—25 1000 5.9 9.6
—65 2000 6 . 3  9 . 3

NOTES :

1 Performance shown based on pressure vessels charged
to 1000 psig at 59°F and soaked to ambient tempera-
tures shown.

2 Sea level static conditions.

• 3 Regulator setting = 235 psig.
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Fi gu r e  10. Air  t u r b i n e  s L t r t ~~r Mod el ATS 18—3.
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The generalized performance characteristics of the

modified starter configurations are shown in Figures 11

through 14. The data shown is for high— and low—pressure

operation.

• The performance characteristics of the starters when -•

operated in the low—pressure mode (air supply from pneumatic

ground cart) are presented in the discussion of Task V —

Logistics.

DESCRIPTION OF PAS S COMPONENTS

The drawings that describe the PASS components are
listed in Table 2.

Pressure Vessel/Manifold Assembly

The pressure vessel/manifold assembly includes the air

bottle for storage of the starting air and the associated

control components . The pressure vessel is a filament—wound

composite unit with an aluminum liner. This design was
selected for the helicopter applications due to its low

weight characteristics compared to a metallic pressure
vessel and the inherent resistance to shattering when

impacted with gun fire.

Although the normal charge pressure is 1000 psig, the
pressure vessel is rated to 1600 psig working pressure to

allow charging at —65°F and increasing the ambient tempera-

ture to +160°F. The pressure vessel is designed to with—

stand a proof pressure of 2660 psig and a burst pressure of

3520 psig in accordance with the design factors over maximum

working pressure per MIL-T—25363.
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NOTES:
1. P1 = STARTER INLET TOTAL PRESSURE, PSIA
2. P2 = STARTER DISCHARGE STATIC PRESSURE, PSIA
3. N = STARTER OUTPUT SHAFT SPEED, RPM
4. r = STARTER OUTPUT SHAFT TORQUE, LB-FT
5. W = STARTER AIRFLOW , LB PER MIN
6. T1 = STARTER INLET TOTAL TEMPERATURE , DEG R
7. STARTER GEAR RATIO = 4.5

w = 2.52

= T~/518.7

= P1/14.7

2.0

I-

-j I’l ~
‘
~
‘2 

________ _________

I 0.5

‘

0 _  _

0 5000 10,000 15,000 20,000 25,000

N/~/~~ — CORRECTED SPEED, RPM

Figure 11. Generalized performance of air turbine
starter , Part 3505380 — high—pressure
mode of operation .
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NOTES:
1. P1 = STARTER INLET TOTAL PRESSURE , PSIA
2. P2 = STARTER DISCHARGE STATIC PRESSURE, PSIA
3. N = STARTER OUTPUT SHAFT SPEED. RPM
4. -r = STARTER OUTPUT SHAFT TORQUE, LB-FT
5. W = STARTER AIRFLOW , LB PER MIN
6. T1 = STARTER INLET TOTAL TEMPERATURE , DEG R
7. STARTER GEAR RATIO = 4.5

W ~,/~j/ &-~ = 13.5

• 0 1 = T 1/518.7

6 1 = P1/14.7
10

I—
U.
Q~~ 8 - -_ _ _ _

I 
_ _ _ _ _ _  

P1/P2

~~~~~~~~~~~ f 
_ _

0 5000 10,000 15,000 20,000 25,000

N/~f lj — CORRECTED SPEED, RPM

Figure 12. Generalized performance of air turbine
starter , Part 3505380 — low—pressure
mode of operation .
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‘4 NOTES:
- - 1. P1 = STARTER INLET TOTAL PRESSURE, PSIA

2. P2 = STARTER DISCHARGE STATIC PRESSURE, PSIA
3. N = STARTER OUTPUT SHAFT SPEED, RPM
4. r = STARTER OUTPUT SHAFT TORQUE, LB-FT
5. W = STARTER AIRFLOW , LB PER MIN
6• T1 = STARTER INLET TOTAL TEMPERATURE , DEG R

ç. 7. STARTER GEAR RATIO = 4.5

W ~/~~/6~ 
= 1.27

0 1 = T1/518.7

=

1.6 -

• 

~~~~~~~~~~~~~~~~ 

-_

~ 06

0 iN

0 5000 10,000 15,000 20,000 25,000

N/~f l~ — CORRECTED SPEED, RPM

Figure 13. Generalized performance of air turbine
starter , Part 3505386 - high—pressure
mode of operation .
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NOTES:
1. P1 = STARTER INLET TOTAL PRESSURE, PSIA
2. P2 = STARTER DISCHARGE STATIC PRESSURE , PSIA

3. N = STARTER OUTPUT SHAFT SPEED, RPM
4. r = STARTER OUTPUT SHAFT TORQU E, LB-FT
5. W = STARTER AIRFLOW , LB PER MIN
6. T1 = STARTER INLET TOTAL TEMPERATURE , DEG R
7. STARTER GEAR RATIO = 4.5

= 10.5

0 1 = T 1/518.7

= P1/14.7
-
~~~~~~ 8

I-
LI..

-j

LU 6

/14 
_ _

3 2

0 5000 10,000 15,000 20,000 25,000

N/..Jrj — CORRECTED SPEED, RPM

Fi gure 14. Generalized performance of air turbine
starter, Part 3505386 — low—pressure
mode of operation .
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TABLE 2. LIST OF PASS COMPONENT DRAWINGS .

J ‘ Figure **
Component number

Single-Engine Aircraft
- : 

T700—GE—700

Pressure Vessel/Manifold Assembly (Primary) B—i

Pressure Vessel/Manifold Assembly (Reserve) ~B-2

Reserve Pressure Vessel Shutoff Valve B_3*

Air Turbine Starter B-4

Starter Control Valve B— 5

Recharge Compressor B-6

Compressor Shutoff Valve B_3*

Twin-Engine Ai rcraf t
TSE 1O35

Pressure Vessel/Manifold Assembly (Primary) B-7

Pressure Vessel/Manifold Assembly (Reserve) B—B

Reserve Pressure Vessel Shutoff Valve B-9*

Air Turbine Starter (2) B—b

Starter Shutoff Valve (2) B_9*

Starter Control Valve (2) B-S

Recharge Compressor B—6

Compressor Shutoff  Valve B_ 3*

* Common parts .

** These f i gures are attached at the end of the report.
as Appendix B.
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The control manifold assembly is attached to the outlet

of the pressure vessel as i l lus t ra ted  on the outline draw —
ing.  The control mani fo ld  includes the moisture collector
and provides mounting provisions for the fol lowing control
components .

• Ground service f i l l  valve

• Burst disc

• Pressure gauge

• Recharging check valve

• Recharging pressure switch
• 

• Pressure regulating and shutoff valve

Connections are also provided for the supply line from the

recharge compressor and reserve pressure vessel.

The outlet of the pressure regula ting and shutof f
valve mates with a 1.0—inch (MS33656E16) line size for the

- -. T700—GE—700 engine and with a 3/4—inch (MS33656E12) line

for the TSE1O35 engine .

The pressure vessel/manifold assembly includes a mois-

ture removal system to prevent entrained moisture in the

compressed air from accumulating in the pressure vessel.

The moisture removal system is illustrated schematically in

Figure 15. During an engine start cycle, any entrained
moisture in the bottle is siphoned to a moisture collector

using a flexible tube that is internal to the unit. Due to

the pressure drop across the neck of the bottle , the higher

pressure in the bottle forces any liquid through the siphon

tube. The moisture will pass through the regulator and

shutoff valve and on to the air turbine starter.
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SYSTEM ARRANGEMENT
I
’

-
‘ 

FROM COMPRESSO R

BURST DISC

TO 
___

STARTER
PRESSURE VESSEL

: REGULATOR AND 

UI

~~~~~~~~~~~~~~~~~~~~~~~~~~ 

SIPHON

MOISTURE
COLLECTOR

SYSTEM OPERATION

• ENTRAINED MOISTURE FROM COM-
PRESSED AIR COLLECTS IN PRESSURE
VESSEL AND MOISTURE COLLECTOR
DURING RECHARGE CYCLE

• MOISTURE IS SIPHONED FROM PRES-
SURE VESSEL TO COLLECTOR AND
DISCHARGES TO STARTER WHEN
REGULATOR AND SHUTOFF VALVE
IS OPENED

• DUAL FLOW PATH TO VALVE PRE-
CLUDES BLOCKAG E DUE TO FREEZING

Figure 15. Moisture removal system.
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The moisture collector is located to trap any liquid
‘4 that does not expe l during the star t  cycle. This prevents

• - . entrained water from freezing on the valve seat when opera-

ted at low temperatures. A redundant flow path to the

regulator is also provided in the event water does freeze

in the collector.

Reserve Pressure Vessel/Man ifold Assembly

The reserve pressure vessel is identical  to the

primary unit  except the mani fo ld  that attaches to the out-

let requires only a pressure gauge and burst disc. The

outlet connection mates with the reserve pressure vessel

shutoff valve. The shutoff valve is a normally closed ,

solenoid—operated valve requiring 28—vdc electrical power

for operation .

Recharge Compressor

The recharge compressor is a two—stage piston compres-

sor driven by an air turbine. The compressor is illus-

trated schematically in Figure 16. The two compressor

cylinders are opposed 180 degrees and driven by a crank-

shaft  through connecting rods and wrist pins. A two—mesh

spur gearbox is attached to the compressor crankshaft to

reduce the speed of the air turbine from 60,000 to 4000 rpm

at the crankshaft. The bearings , gears , and cylinder walls
are lubricated by a splash— type oil sump.
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The compressor is cooled by a fan that is attached to

the crankshaft. The fan is an axial- f low unit that intakes

4 
compartment air and discharges it across the compressor
cylinders and motor.

As shown in the schematic , bleed air is used to charge

the inlet of the compressor as well as to drive the turbine.
Since the bleed air is already pressurized , the inlet—air
density to the compressor intake is higher than if ambient
air were compressed . This reduces the required compression

ratio of the unit  and reduces the required displacement.

The drive motor (a i r  turbine) is a partial—admission
3.2—inch—diameter  axial—flow turbine. Exhaust from the

turbine is collected and ducted overboard the a i rc ra f t .

During the recharge cycle of the pressure vessel, the
speed of the compressor will  vary as a function of the dis—
charge pressure and available bleed—air pressure and temper-
ature. The compressor drive motor has been designed to

limit the crankshaft speed to approximately 6000 rpm when

the pressure vessel is at zero psig.

The required bleed airflow to operate the compressor is

shown in Figure 17 for various inlet air pressures and tem-

peratures. The required recharge time to replace the air

used during the start cycle is shown in Figures 18 and 19

for the T700—GE—700 and TSE1O35 engines , respectively.

45



p.

‘4

10

• ~~~fr 
_ _ __j 7

- 

5 - ~~~~~~~~~
__-__

4
35 40 45 50 55 60

COMPRESSOR INLET AIR PRESSURE, PSIA

Figure 17. Compressor bleed—air requirements.
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Figure 18. Compressor recharge charac ter i s t ics,
T700— GE—7 00 engine .
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Figure 19. Compressor recharge characteristics,
TSE1O35 engine.
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Compressor Shutoff Valve

The compressor shutoff valve is a normally closed ,

solenoid—operated valve . When electrical power (28 vdc)

is available to operate the system, the valve will be

energized open when the pressure switch (located on the
pressure vessel control manifold) is closed at 900 psig.
The electrical circuit is de—energized when the pressure

reaches a value between 1000 and 1050 psi.

Air Turbine Starter

The air turbine starter (ATS) is a dual—operating mode

(Hi-Lo ) unit capable of operating with a high-pressure or
• low—pressure air supply. The ATS consists of two basic

Sections: an aerodynamic section and a gear reduction sec-

tion. A cross—sectional sketch showing the basic components

of the starter is shown in Figure 20.

The aerodynamic section consists of the inlet housing

and bifurcated stator assembly , turb ine wheel , turbine
pinion gear , containment r ing,  and exhaust housing. The

airflow path for both the high—pressure and low—pressure

operating modes is illustrated in Figure 21.

The gear reduction section consists of the gear reduc-

tion housing, four spur reduction gears , the output shaf t
and decoupler assembly , the clutch assembly , and a monopole
speed sensor. The gear reduction system is a jack-shaft

type arrangement. The turbine pinion gear drives the first

spur gear of the jack—shaft cluster which is supported at
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both ends by needle bearings . The second jack—shaft spur
‘4 gear meshes wi th  a spur gear cc~n t~Jning the clutch assembly

which drives the output shaft and decoupler assembly through

the sprag clutch .

• The clutch assembly is a one—way sprag clutch , which
allows the turbine wheel to drive the ‘ output sha f t  but
prevents the output shaft from driving the turbine wheel

by overrunning when the shaft is rotating faster than the

clutch outer race. The decoupler prevents the engine from

driving the starter turbine wheel in the event of a sprag

clutch failure . The output shaft incorporates a replace—

able shear section to prevent an overtorque condition to
the eng ine .

The starter components are splash—lubricated with oil

during the starting mode of operation. During the starter

overrunning mode of operation , a centri fugal pump provides
lubrication of the sprag clutch and clutch bearings .

Termination of the starter operation after a start is

provided by a monopole speed pickup and a separate speed

switch. The monopole speed pickup senses the passage of

teeth from the first reduction gear and transmits a fre-

quency modulated signal to the electronic speed switch ,

which in turn interrupts the circuit to the starter control

valve when the starter reaches cutout speed (i.e., when the
monopole signal reaches a preset frequency) , thus closing
the air supply valves. The monopole pickup configuration

is i l lustrated in Fi gure 22. The speed switch provides

automatic cutout of the starter and , in the twin—engine

installation , both starters use one speed switch.
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TURBINE
• WHEEL SHAFT

PINION GEAR
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PICKUP

EXHAUST 0 -
~

HOUSING

SPUR GEAR

Figure 22 . Monopole p ickup conf igurat ion .
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Star ter S h u t o f f  Valve

In the twin—engine air c r a f t , a starter shutoff valve
is located in the high—pressure supp ly line to the starte r .
This valve is a normal ly closed , solenoid—operated (28—vdc)

valve. This valve is opened by actuation of the cockpit

star t switch and is automat ically closed by the starter
speed switch.

- - Starter Control Valve

The starter control valve is located in the low-

pressure supply line to the starter. This valve controls

start—stop operation of the ATS when supplied with low-

pressure air from a pneumatic ground cart. In the twin—

engine aircraft, this valve also controls cross—bleed air

supply to the starter.

This valve is a normally closed , solenoid—controlled ,

pneumatically actuated pressure—regulating shutoff valve .

The unit  regulates the pressure suppl ied to the s tar ter  to
40 psig in the event the supply pressure is above this

value. The valve also incorporates a controlled opening

rate to limit the downstream pressure duri ng init ial
start-up to prevent high impact torques during engagement

of the starter.

The valve has a butterfly—type modulating and closure

element. A diaphragm—type pneumatic actuator is mechani-

cally attached to the butterfly.
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PASS COMPONENT WEIGHTS

The estimated weights of the PASS components are

presented in Tables 3 and 4 for the T700—GE—700 and TSE1O35

engines , respectively . The components are identified by an

item number. The item numbers are shown in Figures 23 and
• 24 , which show schematics of each a i rc ra f t  conf i gurat ion .

PASS IN STALLATION CHARACTERIST ICS

• In order to evaluate the instal lat ion characterist ics
of PASS in an advanced helicopter , Bell Helicopter supported

-
- this activity . An analysis was conducted to locate the com-

ponents in the aircraft and to estimate the required line

sizes and lengths of the pneumatic ducting. An evaluation

of the required battery size to meet ground electrical
systems checkout and eme rgency inf l ight power was also
conducted.

A sketch showing the PASS components located in the
aircraft for the single-engine installation is shown in

Figure 25.

PASS components that require  an in te r face  wi th  the

airframe structure include :

• Pneumatic lines

• Electrical wiring for control interface

• Recharge compressor

• Pressure vessels
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TABLE 3. WEIGHT SUMMARY OF PRESSURIZED AIR START
SYSTEM FOR THE T700—GE—700 ENGINE .

4 ” Item * Component Wei ght
( lb )

1 Pressure Vessel , 31.0
Primary - 3400 cu in.

2 Pressurized Air 10.4
in Item 1

3 Pressure Vessel , 25.0
Reserve — 3400 cu in.

4 P ressur ized  Air 10.4
in Item 3

5 Reserve Pressure** 1.8
Vessel Solenoid
Sh uto f f  Valve

6 Compressor , 18.0
Turb ine Dr iven

7 Compressor** 1.8
Soleno id Shu to f f
Valve

8 Starter, Air Turbine 8.5

9 Starter Control Valve 2.9

TOTAL 109.8 lb

* See Figure 23

** Common Parts
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TABLE 4. WEIGHT SUMMARY OF PRESSURIZED AIR START
SYSTEM FOR THE TSE1O35 ENGINE .

~
, 

~~
. Item* Component Weight

(lb )

1 Pressure Vessel , 13.6
Primary — 1000 cu in.

2 Pressurized Air 3.1
in Item 1

3 Pressure Vessel , 8.1
Reserve - 1000 cu in.

4 Pressurized Air 3.1
in Item 3

5 Reserve Pressure** 1.6
Vessel Solenoid
Shutoff Valve

6 Compressor , 18.0
Turbine Driven

7 Compressor 1.8
Solenoid Shutoff
Valve

8 Starter , Air 17.0
Turbine ( 2 )

9 Starter Control 5.8
Valve ( 2 )

10 Shutoff  Valve** (2) 3.2

TOTAL 75.3 lb

* See Figure 24
** Common Parts
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Due to the relatively light weight of these components ,
- 

I
’ mount ing can be accomplished by a t t ach ing  to frames used in

aircraft structure.

The compressor includes a three—point mounting system ,

as shown in Figure 47. The unit is attached to the air-

frame using bolts through the mounting legs and vibration
isolat ing f lexible  bases.

The compressor compartment is ventilated to allow
cooling air from the compressor fan  to be discharged over-

board. The turbine exhaust from the drive motor is ducted

overboard through nominal 1.50—inch ID tubing.

The pressure vessels are attached to the airframe using

quick—disconnect clamps. Dual clamps are used around the

cylindrical portions of the pressure vessels.

r
~he estimated line lengths and sizes for connecting

the various PASS components are presented in Table 5. The

estimated weight addition to the system for the ducting is :

Single T700—GE—700 Engine 8 lb

Dual TSE1O35 Engines 14 lb

In order to meet ground electrical systems checkout

and emergency inflight power and to provide electrical

power for control functions during starting, Bell estimated
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TABLE 5. PNEUMATIC LINE LENGTHS AND
SIZES FOR PASS INSTALLATION .

Line Length Diameter
F; 

~
‘. ( in . )  ( in . )

Single T700-GE-700 Eng ine

High—Pressure  Starter Supply 75 1.00

Reserve Pressure Vessel to Primary 20 1.00

Compressor Discharge to Pressure 36 0.25
Vessel

Ground Cart Connection to Starter 42 2 .00

Twin TSE 1O35 Eng ines

High—Pressure  Starter Supply 147 0 .75

Reserve Pressure Vessel to Primary 20 0.75

Compressor Discharge to Pressure 36 0 . 2 5
Vessel

Low-Pressure Supply Line from Ground 114 2.00
Cart Connection and Cross—Bleed
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tha t  a 13 ampere—hour bat tery will  be required.  The
estimated weight addition to the start  system for the
battery is:

Bat tery  26 lb
Battery conditioner 10 lb
Battery re lay 3 lb

TOTAL 39 lb

Typical dimensions of the battery and battery conditioner
are i l lustrated in Figure 26.

Cockpit switches required for operating the single~
engine system include :

• Engine PASS s tar t  switch

• Engine ground cart start switch

• Reserve pressure vessel switch

• Compressor ON-OFF switch

Cockpit switches required for operating the twin—
engine system include :

• No. 1 Engine PASS start switch
• No. 2 Eng ine PASS start switch
• No. 1 Eng ine ground cart/cross—bleed switch

• No. 2 Engine ground cart/cross-bleed sw-~tch
• Reserve pressure—vessel switch

• Compressor ON-OFF switch
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Figure 26. Battery and conditioner dimensions.
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For both the single— and twin—engine installation , a

cockpit indicator light is used to indicate when the pres-

sure vessel reaches rated pressure . The signal for  this
ligh t is prov ided by the pressure switch located on the
pr imary pressure vessel/manifold assembly .

-
~ PASS COMPARISON WITH ELECTRIC START SYSTEM

An evaluation of an electric start system for both the

T700—GE—700 and TSE1O35 engines was conducted for compari—

son with the pressurized air start system. The starting

requirements for the electric system were assumed to be

the same as those used in sizing the PASS components ,

i . e . ,  two starts at sea level , — 2 5 ° F  conditions.

Electric Start Analysis

The system arrangements selected as a result of the

electric start analysis are shown in Figures 27 and 28 for
the T700—GE—700 and TSE1O35 engine s, respectively. Start—

ing analyses were conducted for various standard battery

sizes (l3—AH , 22—AH , and 34—AH ) and arrangements (parallel ,

series , and parallel/series) in order to determine the
system that would meet the —25 °F start requirements.

The electric starting characteristics of the T700—GE-

700 engine are shown in Figure 29 for the —25°F design

condition . Three 22—amp—hr batteries are required to

provide adequate starting for the T700-GE-700 engine at

—25°F. The electric starter that has been considered is

Model GE 2CM272A 1 which was designed for this  engine . The
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ENGINE STARTER
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Figure 28. Electric start system —
twin—engine aircraft .
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SEA LEVEL -25°F

• STARTER MODEL GE 2CM 272A1
• 0 002 ~2 LINE RESISTANCE ASSUMED
• TIME TO STARTER CUTOUT = 25.7 SEC
• TIME TO ENGINE IDLE = 331 SEC

— — I

30

20 __________________________ -~ 
____________ _____— ____________

STARTER TORQUE
\..~.T HREE 22-AK BATTERIES IN SERIES

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

~~~—_ STARTER

_ _ _ _ _ _ _ _ _ _

~~~~~~~~~ N~ INE~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

_
25

SPEED AT STARTER DRIVE . 1060 RPM

Figure 29. Electric start analysis —
T700—GE—700 engine.
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generalized performance characteristics of the starter are

shown in Figure 30. The discharge characteristics for low—
resistance 22 All nickel-cadmium bat ter ies  used in the anal-
ysis are shown in Figure 31.

- - The results of the electric start analysis for the

TSE1O35 engine are shown in Figure 32. A single 22-amp-hr

battery will provide adequate starting of this engine at
—25 °F. AiResearch Model 519802—4 starter was selected for

this engine . This starter is used to start AiResearch

Model 660 Auxiliary Power Unit (APU) on the Boeing 747 air-

craft. The generalized performance characteristics of this

starter are shown in Figure 33.

Performance Comparison

As shown on Table 6 , the Pressurized Air Start System
provides reduced acceleration times compared to the electric
start system. This results from torque available from the
air turbine starte r near starter cutout speed being higher
than that of the electric starter. The decrease of a few

seconds in engine start time is usually not s ignif icant
to mission effectiveness of the helicopter. However , the
reduction in s tar t  time does have an impact on the l i fe  of
the main propulsion engine .

After  lightoff has occurred in the engine start cycle ,
the starting fuel schedule usually results in engine tur—

bine inlet temperatures equal to or greater than the turbine

inlet temperature at takeoff rating. The longer the engine
is exposed to these temperatures , the shorter the turbine
life .
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Figure  30 . General ized performance -

~“bdel GE 2CM272A1 electric starter.
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SEA LEVEL -25°F

• AIRESEA .~CH STARTER MODEL 519802-4

- - • 0.002 ~2 LINE RESISTANCE ASSUMED
• GEAR RATIO STARTER PAD TO ROTOR 0.5

- 
I TI ME TO STARTER CUTOUT - 16.7 SEC
• TIME TO ENGINE IDLE 19.0 SEC

-

. 

15 

~1

-
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- I-
U.

~ 5 - STARTER TORQUE
BATTERY 

STARTER

/ / cUTOUT

U-I

c~~0
- - 4

ENGINE DRAG

-

; -5 _ _  _ _  _ _  _ _

-ic
o 5 10 1~ 20 25

ROTOR SPEED . 1000 RPM

Figure 32. Electric start analysis —
TSE1O35 engine.
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TABLE 6. PERFORMANCE COMPARISON PASS
AND ELECTRIC START SYSTEM.

4 ’.-

Time to accelerate to star ter
Engine cutout speed (seconds)

- - PASS Electr ic  s ta rt

T700—GE—700 8.8 25.7

TSE1O35 5.9 16.1

* Note : Based on sea level -25 °F
static design conditions.

Wei ght Comparison

Weight summaries of PASS and the electric start system
are presented in Tables 7 and 8 for the T700—GE—700 and

TSE 1O35 eng ines , respectively . The detailed weight break-

down of the PASS components was presented previously . A

comparison of the two systems is as follows :

~ystem weight ( ib)  Weigh t
Electric savings with

Engine PASS start PASS (lb)

Single 157 238 81
T700—GE—700

Twin 128 147 19
TSE 1035
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TABLE 7. WEIGHT SUMMARY OF PAS S AND ELECTRIC
START, SINGL E T700-GE-700 ENGINE .

Weigh t (lb)

PASS

PASS Components 110

Pneumatic Lines and Fittings 8

Battery (13—All) 26

Batte ry Conditioner 10

Battery Relay 3

• TOTAL 157 lb

Electric Start

Starter 30

Start Relay 3

Batteries ( 3 , 22—AH ) 165

Battery Relay 3

Parallel/Series Relay (2) 12

Battery Conditioner 10

Wiring 15

TOTAL 238 lb
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TABLE 8. WEIGHT SUMMARY OF PASS AND ELECTRIC

- -~ START, TWIN TSE1O35 ENGINES.

Wei ght (lb)

PASS

PASS Components 75

Pneumatic Lines and Fittings 14

- 
-

- 
Battery (13—AH) 26

• Battery Conditioner 10

Battery Relay 3

TOTAL 128 lb

Electr ic  S tart

Starter (2 )  56

Start Relay (2) 6

Battery (22—A ll ) 55

Battery Relay 3

Battery Conditioner 10

Wiring 17

TOTAL 147 lb
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TASK II - MAINTENANCE

A main ta inabi l i ty  analysis  was conducted for  both the
PASS and the electric start  system. The resul t s  of this
analysis are summarized in Tables 9 through 12. A com—
parison of PASS and the electric start system is shown in
Table 13.

For PASS , the required time to perform maintenance
actions and inspection intervals was based on the h istory
of similar AiResearch equipment.  As shown in Tables 9 and
11, the deep cycle interval of the battery used with PASS

is estimated to be six months compared to two months with

the electric start  system. This results from the improved

charge/discharge cycling routine for  the PASS battery. The
battery used in the PASS start  a i r c r a f t  is normally sub-
jected to shallow dischargns when providing electrical

power for cockpit instruments and lighting and power to

actuate the PASS control valves. The batteries in the

electric start aircraft experience a deep discharge cycle

when starting the engines.

The performance of nickel—cadmium batteries (discharge

voltage characterist ics)  is a f fec ted  by the discharge
cycling requirements.  Repeated charge/discharge cycl ing
of the battery results in a temporary degradation in the

discharge voltage level that can be corrected by deep

cycling. If the battery discharge cycle is relatively

shallow , such as the battery used with PASS , the number of
cycles to reach an unacceptable performance level will be

very large. If the discharge cycle is deep, such as the
battery used for electric starting, then the performance

degrades more rapidly.
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TABLE 9. SCHEDULED MAINTENANCE OF
PRESSURIZED AIR START SYSTEM.

Main tenance
man—hours per

1000 f l igh t  hours
Single Twin

Component Task engine engine

Starter 500—Hour Inspection 0.33 0.66

a) Change oil

• b) Visual inspection

Compressor 50-Hour Inspection 1.66 1.66

a) Check oil level

b) Visual inspection

500—Hour Inspection 0.33 0.33

a) Change oil 
-

b) Visual inspection

Battery 7—Day Inspection 2.99 2.99

Deep cycle every 2.80 2.80
6 months

TOTAL 8.11 8.44
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TABLE 10. UNSCHEDULED MAINTENANCE OF
is PRESSURIZED AIR START SYSTEM.

Maintenance man—hours
per 1000 f l i ght hours

single engine ~~ in eng ine
Organi- Depot Organi— Depot

Component zational zational

Primary Pressure 0.22 0.22 0.22 0.22
Vessel/Control

• Manifold

Reserve Pressure 0 . 0 3  —— 0.03 —-
• Vessel/Control

Manifold

Reserve Pressure 0 . 0 2  —— 0 . 0 2  ——
Vessel Shutoff
Valve

Starter 0 . 0 2  0.19 0 . 0 4  0 . 3 8

Starter Switch 0 .01 -— 0.01 ——
Starter Shutoff  —— —— 0 . 0 2  ——
Valve

Starter Contro l 0 . 0 3  0. 22 0 .06  0 . 4 4
Valve

Compressor 0.16 0 . 5 2  0.16 0 . 5 2

Compressor 0.01 -- 0.01 --
Shutoff  Valve

Battery 2 . 9 7  —— 2.97

Battery Charger 0.17 —— 0.17 ——

Battery Relay 0.01 —— 0.01 ——
TOTAL 3 .65 1.15 3.72 1.56
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TABLE 11. SCHEDULED MAINTENANCE OF
4. ELECTRIC START SYSTEM .

Maintenance man—hours
- . per 1000 f l ight hours

Single Twin
Component Task engine eng ine

Starter 200—Hour Inspection 0.84 1.67

Batteries 7—Day Inspection 6.01 2.99

Deep Cycle 12.60 6.30
Eve ry 2 Months 

_____  _____

TOTAL 19.45 10.96

TABLE 12. UNSCHEDULED MAINTENANCE OF
ELECTRIC START SYSTEM.

- — Maintenance man—hours
per 1000 f l ight hours

Single engine Twin engine
Organi- Depot Organi- bepot

Component zational zational

Starter 0.17 0.51 0.34 1.02

Star t  Relay 0.01 —- 0.02 ——

Batteries 12.62 —— 4.21 — —

Battery Relay 0.01 —— 0.01 —-

Parallel/Series Relay 0.03 —- —- --

Battery Conditioner 0.34 —— 0.17 ——

TOTAL 13.18 0.51 4.75 1.02
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TABLE 13. MAINTENANCE COMPARISON - PASS
AND ELECTRIC START SYSTEM.

Single Eng ine Twin eng ine
Electric Electr ic

PASS* start* PASS* start*
(man— (man— (man— (man—

Task hours ) hours) hours) hours)

Scheduled 8.11 19.45 8.44 10.96
- 

— Maintenance**

Unscheduled
Maintenance

Organizational 3.65 13.18 3.72 4.75

Depot 1.15 0.51 1.56 1.02

TOTAL 12.91 33.14 13.72 16.73

* Main tenance  m a n — h o u r s  per 1000 flight hours .

** Scheduled maintenance data dependent on aircraf t
usage rate was based on 120 flight hours per
month per aircraft.

For the electric start system , scheduled inspections
and battery removal frequency for deep cycling was based

on data supplied by Bell Helicopter for  the AH-lJ . The
required time to perform maintenance actions was based on

the history of similar AiResearch equipment.

The results of the maintenance task were used to

conduct  a life—cycle cost study which is presented under

Task IV.
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TASK I I I  - RELIABILITY
I’

- - 
A rel iabili ty analys is was conducted for the PASS and

the electric star t system components in orde r to predict
the failure frequencies for unscheduled maintenance require-

men ts discussed in Task I I .  A compar ison of PASS and the
electric start system is shown in Table 14.

TABLE 14. RELIABILITY COMPARISON - PASS
AND ELECTRIC START SYSTEM.

Average system
mean time

Failure rate per between f ailure s
1000 fligh t hours (MTBF)

PASS 1.774 564
Single
Eng ine Electric 27.035 37

Start

PASS 2.094 478
Twin
E:-igine Electric 10.623 94

Start

The projected reliability of the major  components cf
PASS and the electric start  system is shown in Tables 15
and 16 , respectively .
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TABLE 15. PROJECTED RELIABILITY OF
PRESSURIZED AIR START SYSTEM .

-

• 
Fail ure rate per
1000 f l i ght  hours

Component Single engine Twin engine

Primary Pressure Vessel/ 0.356 0.356
Control Man ifold

Reserve Pressure Vessel/ 0.104 0.104
Control Manifold

Reserve Pressure Vessel 0.040 0.040
Shutoff Valve

Starter 0.115 0.230

Starter Switch 0.058 0.058

Starter Shutoff Valve —— 0.080

Starter Control Valve 0.125 0.250

Compressor 0.200 0.200

Compressor Shutoff 0.040 0.040
Valve

Battery 0.333 0.333

Battery Conditioner 0.333 0.333

Bat tery Re lay 0.070 0.070

TOTAL FAILURE RATE 1.774 2.094
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TABLE 16. PROJECTED RELIABILITY OF
-s ELECTRIC START SYSTEM.

Failure rate per
1000 flight hou rs

— 
Component Single eng ine Twin eng ine

S t a r t e r  0 .833  1.666

Star t  Relay 0 .0 7 0  0 . 140

B at t e ries 25 . 2 4 2  8 .414

B a t t e r y  Relay 0 . 0 7 0  0 . 0 7 0

Para l le l/ Ser ies  Relay 0 .140  ——

Bat te ry  Condi t ioner  0 . 6 8 0  0 . 3 3 3

TOTAL FAILURE RATE 2 7 . 0 3 5  1 0 . 6 2 3

For the PAS S components , the rel iabi l i ty  predictions
were based on the opera ting h istory of s imilar  Ai Research
equipment and data supplied by component manufacturers.

For the l3—AH battery and associated components used for

systems checkout and initiation of the start, the reli-

ability is based on battery manufacturer data for bat-

teries with limited charge and discharge cycles.

For the electric start system , the battery reliabil-

ity data was based on Navy Maintenance (3M) Data for the

period of 1 January 1975 to 31 December 197 6 for the
AH—lJ (67 aircraft) , TJH—lN (153 aircraft) , UH—lE (89 air-

c r a f t)  , and UH—lH (14 aircraft) . A total of 125 ,738

hours of operation were experienced during this period.

This data was supplied by Bell Helicopter Company.
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Bell also supplied starter/generator data for these
-
‘ 

aircraft; however, this data was not used since the

comparison of PASS with  electric s t a r t i ng  was made for

an aircraft that uses a separate rotor gearbox—driven

generator . The electric starter data used for the analysis

was based on the operating experience of AiResearch elec-

tric starters.

• As shown in Table 16 , the bat tery conditioner f a i l u r e
rate for the sin gle engine (T700—GE—700) aircraft is much

* hi gher than the twin engine electr ic start a i r c r a f t  or the
PASS start aircraft. This results from the increased com-

plexity of the conditioner to monitor the three batteries

required for  the T700 electric start compa red to only one

battery used in the other systems.

In addition to the rel iabil ity analys is , a fa i lu re
modes and effects analysis was conducted for the pres-

sur ized air  s tar t  system to indicate the operational
capabil ity a f t e r  a given component failure . The results

of th i s  analysis are presented in Table 17.
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TABLE 17. FAILURE MODES AND EFFECTS ANALYSIS OF
— 

- PRESSURIZED AIR START SYSTEM .

Component Failure Failure Comments
mode(s) effect(s)

1. Motor- Loss of Inability to recharge Pressure vessel can be
Driven output pressure vessel during recharged through auxil—
Compressor (mechanical flight. iary fill port after

failure) landing. Reserve pressure
vessel can be used for
emergency or backup start.
Cockpit pressure indicator
light would remain off
to warn of inadequate
pressure.

2. Compressor a. Failed a. Inability to recharge a. Same as Item 1.
Motor closed pressure vessel during
Shutoff flight.

• Valve b. Failed b. Compressor will not L . Depending on main
open shut down during flight engine power setting

when rated pressure is (bleed air pressure
achieved, level), compressor drive

motor will stall at a com-
pressor outlet pressure
higher than rated pres-
sure. If available bleed
pressure is high (above
30 psig), burst disc will
rupture to relieve pres-
sure. System would not
be operative until compo—
nents are replaced.

3. Check a. Failed a. Inability to recharge a. Leakage would occur when
Valve open (fails pressure vessel from fitting on auxiliary fill

to check) or auxiliary fill port, port was removed.
excessive
leakage

b. Failed b. The pressure vessel b. Due to the available pres-
closed cannot be filled from sure forces , this failure

either the compressor mode is remote. The compres—
or aux il iary fill port. sor drive motor will stall

when excessive pressure is
reached in the compressor
discharge line.

4. Pressure a. Failed a. Inability to recharge a. Same as Item 1.
Swi tch open pressure vessel during

flight.

b. Failed b. The compressor motor b. Same as Item 2.b.
closed would not stop on reach-

ing rated pressure.

5. Pressure Fails to No effect on system Indicator only.
Gauge indicate operation. Pressure
(two per indication is lost.
system)
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TABLE 17. FAILURE MODES AND EFFECTS r*AL’ISIS OF
PRESSURIZED AIR START SYSTL-1 (CONTD) .

Component Failure Failure Comments
mode(s) effect(s)

6. Pressure Leakage The effect would depend Reserve pressure vessel could
Vessel upon the leakage rate be used for starting if leak—

- - 
(two per and could result in only age of primary is minor.
system ) minor effect to a corn—

- - plete loss of air with
loss of starting capa—
bility .

7. Burst Disc a. Premature a. Loss of air pressure. a. Start syster ir~opc-rative
(two per rupture of until disc is replaced .
system) primary

• b. Premature b. Loss of reserve air b. System operative but
rupture of pressure, reserve capability lost.
reserve
c. Fails to c. No effect on starting c. Dual failures requiro~
rupture at system operation unless before system operation is
desired preceded by a pressure affected .
pressure switch failure.

8. Reserve a. Failed a. Loss of reserve start a. Normal operation can be
Pressure closed capability , made using primary pressure
Vessel vessel.
Shutoff b. Failed b. No effect on system 

- 
b. Normal operation can beValve open operation unless another made; air is used from both

component has failed pressure vessels during
resulting in system start.
leakage.

-~ 9. Regulator a. Failed a. Loss ot starting a, Pressure vessel must be
and Shut— closed capability. depressurized , valve
of f Valve replaced , and pressure vessel

recharged before engine can
be started using PASS.

b. Failed b. Starter would con— b. The starter is capable of
open tinue to operate at the free running until pressure

end of start cycle until is depleted . If compressor
air pressure is depleted . shutoff valve were activated

to open , compressor would
not charge pressure vessel
since air would leak through
starter.

c. Ezcessive c. Loss of primary pres— c. Reserve pressure vessel
leakage sure vessel start can be used for start.

capability.

d. Regulated d. Possible overtorque d. Shear section failure
pressure too resulting in starter depends on pressure level
high shear section failing , in pressure vessel at time

of valve failure.

a. Regulated a. Possible slow engine e. Start can be aborted by
pressure too start or failure to opening cockpit start switch.
low start
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TABLE 17. FAILURE MODES AND EFFECTS ANALYSIS OF
PRESSURIZED AIR START SYSTEM (CONCLUDED).

Component Failure Failure Comments
mode(s) effect(s)

10. Air a. Loss of a. Loss of starting a, Starter must be replaced .
Turbine torque out— capability.
Starter put (mechan-

ical failure)

b. Overrun— b. Loss of starting b. Starter shear section will
fling clutch capability , shear; upstream regulator and
slippage shutoff valve will close when

starter turbine reaches cut—
out speed . Starter must be
replaced .

c. Overrun— c. Engine will start as c. When starter cutout speed
ning clutch normal, is reached , reverse torque
lockup on starter shaft disengages

-- 
- decoupler . Starter must be

replaced before next start
can be made.

d. No signal d. Regulating and shut— d. The starter is capable of
from monopole off valve will remain free running until air pres—
speed sensor open after start sure is depleted. Opening

cockpit start switch will
close valve.

a. Speed e. Regulating and shut— e. Switch failure can be
switch fails off valve will close overridden by holding cock—
open before starter cutout pit start switch to avoid

is reached, loss of engine start.

f. Speed f. Regulating and shut— f. Same as Item lO.d.
switch fails off valve will remain
closed open after start.

11. Starter a. Fails a. Loss of starting a. Engine starts can be made
Control closed capability from pneu— using pressure vessels.
Valve matic ground cart.

b. Fails b. Starter would con— b. Starter is capable of free
open tinue to operate at the running for short period of

end of start cycle, time using pneumatic ground
cart. Ground cart can be
disconnected or shut down.

c. Regulated c. Possible overtorque c. Shear section failure
pressure too resulting in starter depends on level of pressure
high shear section failing , available from ground cart.

d. Regulated d. Possible slow engine d. Start can be aborted by
pressure too start or failure to opening cockpit start switch.
low start.

12. Starter a. Failed a. Loss of starting a. Cross—bleed or ground—cart
Shutoff closed capability using pres— starts can be made.
Valve sure vessel.
(appli— b. Failed b. Starter would operate b. Same as l2.a.

twin open whcn start attempt was

engine made on opposite engine

only) using pressure vessel.
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I
PHASE IV - LIFE-CYCLE COST INVESTIGATION

A ten—year life—cycle cost comparison of the electric

start system and PASS is shown in Table 18.

TABLE 18. LIFE-CYCLE COST COMPARISON .

- ~. Ten—year life—cycle cost
(mi l l ions  of 1977 dol lars)

Electric Start 32.44

* Single Engine PASS 19.15
T7 00— GE— 700

Cost Savings 13.29
with PASS

Electric Start 31.60

Twin Engine PASS 23.86
TS El 035

Cost Savings 7.74
with PASS

Based on 700 a i rc ra f t  at a usage rate of 120 f l ight
hours per month .

A summary of the life—cycle cost data for each of the

major parameters considered is shown in Tables 19 and 20

for an a i r c r a f t  usage rate of l~ 0 and 30 f l i g h t  hours per
month , respectively. The effect of aircraft usage rate on

life—cycle cost is shown in Figures 34 and 35. As shown ,

the cost savings with PASS is reduced as the usage rate

decreases.

A summary of the constants used in the life—cycle

cost analys is  is presented in Table 21.
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Figure 34. Life—cycle cost versus aircraft usage
rate for single T700—GE—700 engine.
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Figure 35. Life—cycle cost versus aircraft
usage rate for twin TSE1O35 engines.
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In add it ion to the qua nt it at ive comparison of the
life—cycle cost of the electric start system , a qualita—

tive compar ison has been made f or parameters  that would

require a mission analysis of the aircraft , air f r ame

company evaluation , or U.S. Army evaluation. This com-

parison is shown in Table 22. Of the parameters shown

in Table 22 , It is estimated that the reduc tion in fue l
cost per mission due to equipment weight savings with

PASS would be the highest dollar value savings .

Although the electric start system w ill result in less
f uel per mission due to the powe r extract ion from the main
en gine to rech arge the sys tem , the recharge time wo uld be
less than 7 percent of the mission time assuming a 2.5-

hour mission .

LIFE-CYCLE COST EQUATIONS AND VARIABLES

A definition of the life-cycle cost equations used

in the analysis and the assumpt ions used in cal culat in g
the variables is presented in the follow ing discussion.

Acquisition Cost :

Cost = (cost of start system components per

aircraft) x 700 (aircraft) + (nonrecurring

cost for  development and q u a l i f i c ation of

s tart  system)

The cost of start system components and non-

recurring costs is based on the purchase price

from the start system manufacturer by tih - U . S .
Army or helicopter manufacturer.
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TABLE 22. QUALITATIVE COMPARISON OF ADDITIONAL
LIFE—CYCLE COST PARAMETERS.

Electric Pressurized air
Parameter start system start system

Parameters Usually With
Higher Dollar Value in
Weapon System Life—
Cy~cle Cos t

• Reduction in fue l — Lowest
cost per mission due
to equipment weight
savings

• Reduction in aircraft — Lowest
acquisition cost due
to equipment weight
savings

• Reduction in fuel Lowest —

cost per mission due
to power extraction
from main engine to
recharge start system

Parameters Usually with
Lower Dollar Value in
Weapon System Life-
Cycle Cost

• Initial cost to intro— Lowest —

duce a new line item
into Army inventory

• Packing and shipping Equal Equal
costs (fewer (more

components , components ,
heavier lighter
weigh t) wei ght)

• Cost of base and depot Lowest —

facilities and test
equipment for main—
tenance of system
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Scheduled Maintenance Labor Cost:

Cost = (scheduled maintenance man—hours per
fli ght hou r) x ( f l i gh t  hours in 10 years
per a i r c r a f t )  x (number of a i r c ra f t )
x (dollars per man—hour )

Unsched uled Maintenance Labor Cost:

Cost = (unscheduled maintenance man—hours
per flight hour) x ( f l i gh t  hours in 10
years per aircraft) x (number of aircraft)

x (dollars per man—hour)

The above equation is applicable to maintenance labor

for both organizational and depot maintenance.

Labor Cost for Maintenance , Supply , and
Transportation Records and Forms:

Cost = (man—hours per failure) x (failure

per flight hour) x (flight hours in 10

years per aircraft) x (number of aircraft

x (dollars per man—hour)

The man—hours per failure for each of the categories

are shown in Table 21.

Cost of Base and Depot Consumable Materials
During Maintenance :

Cost = (consumption rate , dollars per hour)

x (hours to repair per failure) x (failures

per flight hour) x (flight hours in 10

years per aircraft) x (number of aircraft)
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The consumption rate for base and depot levels is

shown in Table 21. The cost of lubricating oil for the

PASS starter and compressor is included in this parameter.

Cost = (replacement or average repair cost,

dollars) x (failure per flight hour) x (flight
hours in 10 years per aircra~t) x (number of
aircraf t )

The maintenance procedure for disposition of failed

components is shown in Tables 23 and 24 for the electric
start  and PASS , respectively.  For components to be
replaced , the replacement cost was assumed to be the
acquisition cost of that component . For components to be
repaired , the average repair cost per fai lure was assumed
to be 50 percent of the initial acquisition cost of that
component except for batteries .

The predominant repair cost for batteries is the

replacement of individual cells. The data used in esti-

mating the battery repair costs is summarized in Table 25.
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TABLE 23. DISPOSITION OF FAILED COMPONENTS
OF ELECTRIC START SYSTEM.

Maintenance
Failed component procedure

Starter Repair

Start Relay Replace

Battery Repair

Battery Relay Replace

Parallel/Series Relay Replace

Battery Conditioner Repair
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TABLE 24. DISPOSITION OF FAILED COMPONENTS OF
PRESSURIZED AIR START SYSTEM.

Maintenance
Failed component procedure

Pressure Vessel Replace

Ground Service Valve Replace

Burst Disc Replace

Pressure Gauge Replace

Cneck Valve Replace

Pressure Switch Replace

Pressure Regulator and Repair
Shutoff Valve

Reserve Pressure Vessel Replace
Shutoff Valve

Starter Repair

Starter Shutoff Valve Replace

Starter Control Valve Repair

Compressor Repair

Compressor Shutoff Valve Replace

Battery Repair

Battery Relay Replace

Battery Conditioner Repair
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TABLE 25. BATTERY REPAIR COST DATA.

Variable Value Source of Data

Deep cycle frequency Every Bell Helicopter
when used for elec— two months estimate based on
trical systems ~H—lJ data
checkout and main
engine starting

Deep cycle frequency Every AiResea rch estimate
when used for elec— six months based on battery
trical systems manufacturer ’s

• checkout data

Average number of 1.0 AiResearch estimate
cells replaced per based on battery
battery per deep maintenance records
cycle f rom AiResea~ ch

F repair facility

Cell replacement $44 per cell Battery manufac—
• cost turer’s data
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TASK V - LOGISTICS

The application of current and planned Army ground

support equipment and special requirements for operating

the pressurized air start system has been investigated.

The ground support equipment would be used in the event

of a fa i lure of the on—board equipment that required
recharging the system or as a backup s tar t ing capability
to the on—board storage system.

PNEUMAT IC GROUND CARTS

The pneumatic ground cart would be used to supply com-

pressed air to the low—pressure portion of the air turbine

starter for main engine start ing. Tilis unit  would be used
for:

• Backup starting in the event of a failure

of the PASS air delivery system.

• Maintenance of the engine or other aircraft

systems that required main engine starting

or motoring.

Starting analysis has been conducted with two pneu—
matic ground carts . These include the USAF Type A/M32A-60A

and the mobile , multiple-output ground power unit (GPU)

that AiResearch has been studying under Contract DAAJO2—76-

C—0042 for the U.S. Army Air Mobility Research and Develop—

ment Laboratory.
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The A/M32A-60A is a self—contained , self-propelled
power source that includes a gas turbine compressor and

power unit. This unit (shown in Figure 36) provides corn-
pressed air for main engine starting or environmental con-

trol system operation and electrical power (ac and dc).

The Army GPU is a self-contained , self-propelled power

source that includes a gas turbine compressor and power

unit. This uni t  (design from AiResearch study) is shown in
Figure 37. The GPU provides compressed air for main engine

• s tar t ing or environmental control system operation , hydrau-
lic power , and ac electr ical power. This unit is intended
to meet the requirements of the Advanced Attack Helicopter
(A AH) , the Ut i l i ty  Tactical Transport Ai rc ra f t  System

• (UTTAS), the mode rnized medium ( C H—47D )  helicopters , and
future advanced helicopters.

A starting analysis has been conducted for both the
• T700—GE-700 engine and the TSE1O35 engine with these ground

carts. The results of this analysis are presented in

Tables 26 and 27 .

BACKUP RECHARGE EQUIPMENT

The on—board pressure vessels can be recharged in the

event of leakage or a failure of the on—board compressor by

connecting a portable ground compressor unit, portable high

pressure nitrogen or air bottle , or by incorporating a hand—

pump in the design of the on—board compressor. The results

of the evaluation of these methods are presented in the fol-

lowing paragraphs.
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Figure 36. Type A/M32A-60A ground power unit.
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Figure 37. Ground power unit, gas turbine powered.
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GROUi~1D COMPRESSOR UNITS

A survey was made or current portable ground compres—

sor units that would be applicable to PASS. Available

units include :

Applicable Federal
• mi l i ta ry  stock Current

Unit specification number appl ia tion

3500—psi , MIL—C—52037  4 310 — 624—3213 OV— l
l5—scfm
compressor

3500—psi MIL—C—52477 4310—878—796 9  CH 47
4— scfm CH—54
compressor U—2 1S

• The l5—s cfm unit is available in both skid-mounted
and wheel—mou nted configurations and is driven by either a
gasoline engine or an electric motor. The 4—scfm unit  is
wheel mounted and powered by a gasoline eng ine.

An analysis of the PASS recharge characteristics when
ope rated with these compressors is shown in Fi gures 38 and
39. Figure 38 shows the required time to recharge the PASS
pressure vessel with the M I L—C — 42037  compressor (15 scfm at
3500 psig) . Data are shown for bo th the T700 — GE-70 0 engine
system which uses a 3400—cu - in ,  pressure vessel and the
TSE 1O35 engine which uses a 1000—cu-in , pressure vessel.
Fi gure 39 shows the same data when operated with the lower
capacity M I L—C—52477  compressor (4 scfm at 3500 psig)

~~~~~~~~ 
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NOTES:
1. SEA LEVEL OPERATION
2. COMPRESSO R AIRFLOW - 15 SCFM
3. — T700-GE -700 ENGIN E

— — TSEIO35 ENGINE

1 : 1  
_

TIME TO CHARGE

7 ~~~~~~

— — . J LTO 1000 PSIG

TIME TO RECHARGE / /
TO SUFFICIENT

• PRESSURE FOR
ENGINE START—I~

0 4Q 0 40 80 120 160
AMBIENT TEMPERATURE , °F

Figure 38. PASS recharge characteristics
with MIL—C--52037 compressor.
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NOTES:
1. SEA LEVEL OPERATION
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• Figure 39. PASS recharge characteristics
with MIL—C--52477 compressor.
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PORTAB LE GAS SERVI CING UNITS

Portable gas servicing units that would be applicable
to recharging the on—board pressure vessel include :

Federal Pressure
Type stock number rating

GSU—40/ E 1190— 773—1758CM 3500 psi

• j MD—l 2 3 3 0 — 5 0 7 — 9 8 3 5  3500 psi

Servicing capability of these units for the pressurized

air start  system for both the T700—GE — 700  and TSE 1O35
engines is shown in Table 2~~.

TABLE 28. PASS RECHARGE CAPABILITY WITH
PORTABLE GAS SERVICING UNITS

Number of PASS recharges
• without recharging

• Type ground servicing unit
servicing T 7 0 0 — G E — 7 0 0  TSE1O35

unit  engine engine

GSU—40/ E 1 6

MD— l 20 70
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HAND CRANK WITH ON-BOARD COMPRESSOR

The feasibility of using a hand crank with the on—

board compressor for backup recharge capability was inves-

tigated, This arrangement would require modifying the

compressor design to incorporate a drive attachment for the

crank and reduction gearing (130:1 gear ratio) from the
ç. compressor shaft to the crank attachment. These modifica-

tions would add approximately five pounds to the weight ot

the compressor.

The assumed cranking capability of an average man is

shown in Figure 40, These data were generated by Boeing

Vertol during a previous study of a hand—cranked compressor
on board the YCH-47D helicopter.  Using the cranking

• horsepower—time relationship of Figure 40, the required

recharge time is as follows:

Pressure
vessel Cranking
size time * Number of

• - Engine (cu i n . )  (m m ) men required**

T700—GE—700 3400 63.4 6

TSE1O35 1000 2 4 . 2  2

* Sea level standard day conditions.

** Assume each man cranks 10 to 12 minutes,
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• 
• NOTES:

1. TWO-HANDED CRANK , WAIST HIGH
2. CRANK RADIUS, 12 IN.
3. AVERAGE SPEED = 30 REV. PER MIN

1.5

_ __ __

0.5 ~~~~ucz~-

0
0 2 4 6 8 10

TIME, MIN

Figure 40. Estimated cranking capability, average man.
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The relat ively long time and the n umbe r of men
required for recharge of the T700—GE-700 engine system

would probably preclude incorporating this provision corn—

pared to at taching a portable ground compressor or gas

servicing unit. For the TSE1O35 engine , the concept would

be feasible depending on the trade—off of the added weight
to the aircraft.
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• TASk( VI - VULNERABILITY

An analysis was conducted to determine the effect of

ballistic impact on the operation of the start system and

the e f f ec t  on other a i r c r a f t  systems . A summary of this
analysis  is presented in Table 29. For this analysis , it

was assumed that  the ball ist ic  impact caused s u f f i c i e n t
damage to the component to result in leakage of the working
f lu id  (a i r )  or mechanical fa i lure.

The most vulnerable components in the PASS to ballistic

impact are the pressure vessels , due to their re lat ively
large exposed area. When impacted , the pressure vessels
will  not fragment and cause secondary damage to other corn—

• ponents if they are fabricated from glass- f i lament—wound
composites. Tne results of the gunfire test using a

tumbling 0.30 caliber projectile and filament—wound pres—

sure vessels are shown in Figure 41. The 1100—cu--in.
pressure vessel was charged to 3000 psi for the test and

the 514—cu-in, unit was charged to 2200 psi. The fiber

• wrap for the 1100—cu-in , uni t  is K ev l a r — 4 9  and for the
514—cu-in, unit it is S—Glass. Both units have a seamless

6061 aluminum liner.

To minimize the effect of ballistic impact on the

star t  system operation , the primary pressure vessel should

be installed in a location in the a i r c ra f t  where maximum
shielding is available. Loss of the primary unit results

in loss of starting capability . Loss of the reserve unit

results in loss of the backup capability only.
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TABLE 29. BALLISTIC IMPAC T ANALYSIS , PRESSURIZED
-
~ AIR START SYSTEM.

Ef fect on Ef f e c t on
Component impacted start system operation other aircraft systems

1. Motor—Driven Inability to recharge Continuous usage of bleed
Compressor pressure vessel air if impac t occurs

before pre ssure vessel is
charg ed to rated pressure

2. Comprassor Motor Inability to shut down Continuous usage of bleed
Shutoff Valve compressor when rated air

pressure is achieved. If
overpressure condition
occurs , burst disc will
rupture to relieve
pressure.

3. Primary Pressure Inability to recharge Continuous usage of bleed
Vessel Including pressure vessel and loss air if impact occurs

F 
• 

Control Manifold of starting capability before pressure vessel is
Components charged to rated pressure

4. Reserve Pressure No effect on starting None
Vessel capability using primary

pressure vessel. Loss of
backup capability of
reserve pressure vessel.

5. Air Turbine Starter Loss of starting capa— None
bility

6. High—Pressure Loss of starting capa— None
Starter Supply Line bility

7. Reserve Pressure Loss of starting capa— Compressor will start
• Vessel to Primary bility resulting in continuous

Pressure Vessel usage of bleed air
Supply Line

8. Compressor Discharge Inability to recharge Continuous usage of bleed
Line pressure vessel air if impact occurs

before pressure vessel is
charged to rated pressure

9. Engine Bleed—Air Inability to recharge Continuous usage of bleed
Line to Compressor pressure vessel air
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Figure 41. Filament—wound pressure vessel
after 0.30 caliber gunfire test.
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A comparison of the area exposed to ba l l i s t ic  impact
for an electric start system and a PASS is shown in

Table 30. As shown , the electric s tar t  system has less
than half the exposed area of the PASS. This results pri-

marily from the relatively high density of the bat ter ies
compared to the relat ively low—pressure ra t ing of pressure
vessels , resulting in large volumes. This disadvantage

could be improved by incorporating a higher pressure corn—

pressor, thus reducing the required storage volume . The

• h igner  pressure compressor would result in a decrease in

• PASS reliability and would require more input power to the

compressor during recharge .

Although the probability of ballistic impact is higher
with PASS , the probability of secondary damage to the other

aircraft systems resulting from ballistic impact is less.

In most cases, damage to PASS components results in leakage

of the stored air or leakage of engine bleed air. Damage
• to the batteries would result in leakage of the caustic

electrolyte . In addition, unlike PASS, the batteries are

integrated in another aircraft system (dc power supply) ,
and damage that would result in short circuits may impact

• the operation of other electrical equipment.
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TABLE 30. AREA EXPOSED TO BALLISTIC
IMPACT COMPARISON .

Single Twin
eng ine engine

• (sq in.) (sq in.)

ELECTRIC START

Batteries 261 87

• Starter 68 120

• Battery Charger 50 50
Wir ing  and Relays 179 23 5

TOTAL 558 492

PASS

Pressure Vessels and Controls 868 502
Starter 48 96

Compressor 80 80
Pneumatic  Duct ing  140 212
Bat tery 59 59
Battery Charger 50 50

~üring 40 40

TOTAL 1285 1039

Based on component dimensions that yield
maximum exposed area in any plane.
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CONCLUSIONS

Tne resul ts  of the evaluat ion of the Pres sur ized A ir

Start System as compared to an electric start system for

either a single— or twin-engine installation are summarized
below :

Advantages of PASS Disadvantages of PASS

• Improved starting • More aircraft installa-
performance tion volume required

• Main engine life • Probability of gunfire
improved impact higher

• Weight reduction • More components in
• - - • system

• Improved reliaoility
- • Some development risk

• Lower maintenance
• • Not in current

• Life—cycle cost
• - • • inventory—personnelsignifican tly improved 

training
• More backup start

options

• No winterization
• requirement for —65°F

start

• In the past , small attack , utility , and aerial surveil-

lance helicopters were designed wi th  se l f—con ta ined  elec-
t r ical  s ta r t ing  systems based on the use of the Ni—Cd
battery as an on—board power source. This system was

usual ly  selected over other  candidate systems due to the

acquisition cost constraints imposed on the designer. As

i l lus t ra ted  by the l i f e — c y c l e  cost inves t iga t ion  conducted

in this study , selecting a system based on the acquisition

cost is very misleading when operating costs are hi gh.  Th is
is the case with electrical start systems .
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In the future , advanced hel icopte r engin~ s will use
main propulsion engines with higher cycle pressure ratios

and turbine inlet temperatures in order to reduce engine
• size and weight , and fuel required for a given mission.

Tnese parameters usually result in the engines being more

difficult to start and starter assist required to a high er
speed. The Pressurized Air Start System has the character-

istic of minimizing the starting system penalty to the ~ir—

craf t  for these en gines.

Since the Pressurized Air Start System is a new con-

cept for starting engines , specif ication requiremen ts nave
not yet~ been established to guide the government or an air-

frame company in procurement of a system. The design study

of tne system components conducted in this program will

form a basis for establishing these requirements .

Witn the exception of the recharge compressor , suffi—

cient experimental development has been conducted with all
• of the PASS components to permit development of the system

for flight evaluation .
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RECOMMENDATIONS

In order to realize the advantages of the PASS for

f u ture helicopter des igns , it is recommended that the fol-
lowing activit ies be in i t i ated:

• Specification

A spec if i c a t i on should be prepared that def i nes the

des ign and qual ity assurance requiremen ts for  the
system. The proposed specification should integrate

the applicable portions of existing military speci—

• fications and be similar to MIL—P—55l8 (Design ,

Installation and Data Requirements for Aircraft

Pneumatic Systems ) . It should provide the a i r f r a m e

design requirements for an evaluation of the system.

Component Development

• To reduce the risk of engineering development for a

production application , additional advanced develop-

ment should be conducted to supplement the Resear~ n
and Development Program of AiResearch . The Hi—Lo

air turbine starter development is considered to be

low risk and ready for production design . The pres—

sure vessel and control manifold is also considered

to be low risk. It is recommended that additional

recharge compressor design and testing be conducted

in order to verify the predicted life of the unit.

Flight Evaluation

A f t e r  completion of additional compressor testing ,

it is recommended that a prototype system be

installed on a helicopter and tested to verify the

operational and structural integrity of the system

when subjected to environmenta l  and f l i ght conditions.
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APPEN DIX A

S UMMARY OF AIRESEARCH
-

• COMPANY-SPONSORED PASS
RESEARCH AND DEVELOP MENT PROGRAM

• • IN T RODUCTION

AiResearch initiated a company-sponsored research and

development program in 1974 in an e f f o r t  to establish an

improved starting system for small gas turbine engines.
• Tne program was initially started for auxiliary power units

(APU ’s) for military aircraft and helicopters . As a result

• of interest received at government and industry briefings

on the program progress , the program was expanded to

include main propulsion engines.

SUMMARY

-• A summary of tne tasks that have been conducted is

presented below :

PASS for APU ’s

L • Conceptual Desi gn - A trade—off study of

various start motor and compressor con-

figurations was conducted during this

phase.

• Preliminary System Design - A preliminary

design of the components selected f rom
the trade—off study ~as made .
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• Component Desi gn — Detai led component
designs of the start motor, compressor ,

pressure vessel/manifold assembly,  and

miscellaneous valves were made .

• Start I4otor Testin~ — St a r t  motor tests to
establish performance characteristics and

mechanical design were conducted.

• Prototype System Testing - A prototype

• system using industrial-type pressure

vessels , valves , and a compressor with the

a i r c r a f t — t y p e  s ta r t  motor was fabr ica ted .

• APU Demonstrator Testing - The prototype

system was instal led in an APU test cell
and used to start the AiResearch Model

JSF19O (used on the F—15 aircraft) and

the AiResearch Model GTCP36—50 (used on

the A—b aircraft)

• Pneumatic Amplifier Testing - A breadboard

pneumatically driven pressure amplifier

was fabricated and tested to determine the

feasibility of recharging the system wi th
a low—cost compressor design.
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PASS for Main Propulsion Engines

• Conceptual Design - A trade-off study

of various s tar t  motor and compressor
configurations and system component

arrangements was conducted.

• Component Design - Detailed designs of

system components were made to estimate

manufacturing cost, weight , and performance.

• Breadboard ComprCssor Testing — A breadboard

compressor was fabr icated by AiResearch and

installed on a van —drive to demonstrate

the feasibility of compressing air to

1000 psig with a two-stage unit.

• Prototype Compressor Development — A proto—

• type two-stage compressor is currently under

development for  integration testing with an

air turbine drive motor .

• Air Turbine S tar ter  Test ing — The AiResearch

Model ATS18—3 Air Turbine Star ter  (used on

UTTAS and AAH) was modif ied and tested to

determine performance characteristics using

partial admission nozzles.

Tne PASS arrangements selected for APU ’s and main

engine propulsion engines as a result of this program are

essentially the same except for  the starter  design . The
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APU uses an expanding vane motor that drives the APU

starter pad wi thou t  the use of intermediate  reduction
gearing.  The uni t  requires re la t ive ly  high pressure
(150 to 250 psig) for efficient operation. The main

propulsion engine PASS uses a part ia l-admission high-
pressure/ low—pressure air turbine s tar ter .  This allows
using high pressure from tne air bottle as the normal
start procedure and low pressure from a pneumatic ground
cart or engine cross—bleed as a backup .

The expanding vane motor could be used to start main

propulsion engines in a s ingle—engine ins ta l l a t ion  if
s tar t ing from a low—pressure pneumatic ground cart  were

not required. Tne vane motor has the advantages of

reduced pressure vessel size and lower cost compared to
• tne air  turbine s tar ter .

PASS FOR AUXILIARY POWER UNITS

The PASS concept for APU’s was designed in an e f f o r t
to establish a lighter weight system with improved per—

• : formance at low temperature over current hydraulic accumu-

lator and electric start systems . AiResearch has designed

several hydraulic and electric starting systems for recent
APU applications, and in most cases, the starting system

• weight was in excess o,f the basic APU weight. In addi-

tion , low temperature (—25°F and below) starting problems

frequently are encountered due to the very high viscosi-

ties of hydraulic fluid and poor battery performance at

low electrolyte temperatures.
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The PASS program that AiResearch has been conducting

as a company—sponsored activity has included design studies,

prototype hardware development, and demonstration testing

on AiResearch APtJs. Sufficient testing has been conducted

to date to indicate a high confidence level that advanced

development can be accomplished with minimum risk.

Most recent military aircraft and helicopters with

APU ’s use hydraulic starting for the APU . PASS offers

several advantages over hydraulic starting. Some of

• these include:

• Low-Temperature Operation - The very high

viscosity of hydraulic fluids at low tern—

• perature significantly degrades the perform-

ance capability of the hydraulic system.

With pneumatics (PASS) ,  only a slight degrad-
ation is encountered due to the lower air

temperature of the working f lu id .

- 

- • Weight Reduction - PASS offers a weight

savings over hydraulic starting. This is

directly related to the low temperature

problems of the hydraulic system. The lower

the required temperature, the higher the

payoff with the PASS. Also, multiple start

attempts can be incorporated in the PASS

system for less weight than hydraulic

accumulator systems .
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• Low Cost — PASS has been designed to use as

many existing low-cost components as possible.

Those components that are new were initially

designed under a design—to—cost program to

• be competitive with hydraulic systems.

• No Fire Hazard - With PASS , the working f lu id

is air which will not burn in the event of

bottle damage or leakage on a high—temperature

• component.

• System Reliability - PASS is a self—contained

system that functions only to start the APU.

With a hydraulic start system that is re-

• charged from the aircraft’s utility hydraulic

start system can impact the operation of

an in—flight system (utility hydraulic)

• Installation Comp1ex~~y - The system requires
only one line from the pressure vessel to the
start motor . This line can be a f lexible

hose, simplifying the tubing bends required

for the dual line hydraulic start system.

APU START MOTOR

The trade-of fs conducted in evaluating a start motor

for the APU PASS is shown in Table A-i . As illustrated ,

the motor selected is a rotary—vane motor with internal

expansion.
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:. The motor consists basically of a rotor with sliding

vanes mounted eccentric to the housing center line.

Pressurized air is introduced at the inlet port and

expands as the rotor turns. The exhaust is discharged

radially through a series of slots in the motor housing.

The motor mounts directly on the APU starter pad and
requires no additional gear reduction for proper speeds

and torques.

• 
- 

Operation of the air vane starter is illustrated in

• Figure A—i. As shown, volume (V a) is charged to the supply

pressure (200 psi). As the rotor rotates, this volume

increases to Vb due to the eccentricity between the rotor

and housing . As the volume increases, the pressure
decreases as illustrated on the graph in Figure A—i . The

expansion ratio (Vb/Va) of the motor is 2.35.

The air vane starter configuration with which
-
~ AiResearch has been conducting development testing is

shown in Figure A-2. An exploded view of the motor is

shown in Figure A—3 and the size of the rotor and vanes is

illustrated in Figure A—4.

The development test air vane starter has an

operating speed range of zero to 12 ,000 rpm. The unit

develops approximately 10 peak shaft horsepower. Peak

adiabatic efficiency of the unit is approximately 0.50.
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Figure A—i. Ail vane starter operation.
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Figure A—2. Development test vane motor.

132



p.,  —- — -- • — --- • —•--— -—--
~~~~~~~~

-• • - • • -—-----•—-•---•--•-- ---- - • - —-•---•-
~~

-•-—-,- -•——.-— -

Figure A— 3. Exploded view of air vane starter.
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PASS has been in the desi gn and development phases

for approximately three years. During this period ,

several air  vane s tarter  configurat ions have been tested .
• • This testing has included :

• • Performance Testing

• Vane Material Evaluation

• 
• 

• Housing Material Evaluation

• Rotor Configuration Including Vane Springs

and Self— Pressurized Vanes

• Endurance Testing on a Flywheel Rig

• Low Temperature Testing ( -4 0 ° F )

PNEUMATIC AMPLIFIES

The i n i t i a l  compressor design for the APU PASS was

• a low—cost pneumatic ampl i f i e r .  The pneumatic ampl i f i e r

operates with APU or engine bleed air to boost the pres-
sure level of the bleed air for storage in a pressure

vessel. The unit is shown schematically in Figure A-5.

As shown , the un i t  is a single-stage , free-piston pump

that  drives and compresses in each direction. Bleed air

is used to drive the motor piston as well as to charge the

compressor cy l inder .  By charg ing the compressor with

bleed a i r , the overall  compression ra t io  of the unit is

less since the supply air is initially 3 to 4 atmospheres.
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The dimensions and characterist ics of the breadboard
unit  designed are shown in Figure A-6. Testing of this uni t

• included functional operation and performance evaluation.

The results of these tests indicated that the volumetric

efficiency was low due to the high compression ratio
required in only one stage.

The APU PASS compressor was later selected as a
motor-driven , two-stage unit as determined in the evalua-

tion of PASS for main propulsion engines.

• PROTOTYPE SYSTEM TESTING

Prototype system testing was conducted using a fly-

wheel test rig. The test setup is illustrated in

Figure A-7. Laboratory air bottles , control valves , and
pressure amplif ier  were used to s imulate  the prototype

system during these tests.

APU DEMONSTRATOR TESTS

The air vane starter and prototype system were
installed on the AiResearch Model GTCP36-50 APU (used on

A-b a i r c r a f t)  and the Model JFS19O (used on F-l5 aircraft)

for demonstration testing. Photographs of the test setup
installed in the AiResearch laboratory during these tests

are shown in Figures A—8 through A-12.
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I 

C E N T E R  GEARBOX

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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’
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AIR SUPPLY L I N E
FROM PRESSURE
VESSEL ASSEMBLY— —

~~~~~~~ 
• -

Figure A-lO. Model JFS19O APU demonstrator test setup,
pressurized air start system.

142

~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

• .~~~_ _ _ _ _ _



- -  _ _ _

- 
:.—. ~~

- -
~~-e ~ 

/

I /

/ 1~i/v

143

~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~~~~ -— -— ~~~~~~ — b- ——- -



~ - - - - - - - • - - ,-- —
~ —-—

K 
‘,

p 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Sf (44 j
~~- 

I 
- UI

I— ~~ -— -~~ — - 
- - 

I 
— - -- — - - -~~~ C

, <;~~ • -
_~~-~~.-~~~~

‘-  — --- 9 5 1 4

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘
~~~~j~!kAiiir~ ~~~~~~~~_______. -

~~~ 
y 

~~~~~~~~~~~~~~~ — I — 
- 

-‘-4
~~~~~ 

- a - - - - — (U
- - - C

—
- 

.- 
-
~~~~~

,

-••

- A~~~~~~~~~
hhh u ~~~~~~~

- ~~~~~~~~~ 

~~~~~~

‘

• / ,._ •

_ _ _ _  

-

______ 4 
-4 ~ 

~~

-.
.-..-- 

~~~~~~ p• •.

144

~~~~~~~~ 
:- . 

_~~~~~ . ~~~~~
‘

-‘----— - a~~~~~~~~~
_ 

-



—~~ - — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -•

S

PASS FOR MAIN PROPULSION ENGINES

A desi gn and development program of PASS for  main

propulsion engines was initiated in October 1975. Based

on the results of surveys of engine manufacturers , air—

frame companies , and government agencies , it eas determined

that PASS would be competitive with electric start systems

currently used on general aviation and utility aircraft as

well as helicopters.

Preliminary evaluation of the system , compared to

electric starting, indicated that PASS:

- 
• Is acquisition cost competitive

. Offers improved reliability

• Offers improved maintenance costs

• Reduces weight

• Provides lower temperature starting

capability

A discussion of the activities conducted to date

under this program is presented in the following

paragraphs.
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ENGINE STARTER COMPARISO 4

Based on the results of APU PASS starter studies ,

an evaluation was made comparing the air vane starter

with the dual—mode high/low—pressure air turbine starter.

• The candidate starter configura t ions are i l l u s t r a ted in

Figure A—l3. A comparison of their characteristics is

shown in Table A— 2. Detail drawings of each unit were made
• in order to evaluate cost and complexity.

The significant disadvan tage of the air vane starter

for propulsion engines is the requirement for high—

pressure air for starting . A low-pressure pneumatic

ground cart cannot be used as a backup to the on-board

system . In addition , in twin-unq inc installations , cross

bleed cannot be used to start the second engine ifter one

has been started.

AIR TURBINE STARTER TESTING

In order to determine the per fo rmance  characteristics
of an air turbine starter with partial admission that

would be capable of starting engines up to approximately

5000 shp , the AiResearch Model ATS18-3 Air Turbine Starter

used on the UTTAS and AAH helicopters was modified to the
partial admission configuration. This unit has a single—

stage ax ial turbine, 3.2 inches in diameter. The gear

ratio between the turbine and output shaft is 6.6:1. A

photograph of the turbine and reduction gearing is shown

in Figure A—l4.
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~~ VANES

HOUSING

Vb

Va

ROTOR
EXHAUST
PORTS

EINLET
PORT

AIR VANE STARTER

- - 

ROTOR 

~~~~~~~~~~~:::~~~~J]][
CONVERGING CONVERGING-
NOZZLES DIVERGING
( LOW PRESSURE ) NOZZLE S

(HIGH PRESSURE )

AIR TURBINE STARTER

Figure A-l3. Candidate starter configurat ion.
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TABLE A-2. COMPARISON OF STARTER Ch ARACTERISTICS.

Air Vane Starter Air Turbine Starter

• Low_speed design • High-speed design
Rotor speed = 6000 Rotor speed 50,000
t o l 2,000 rpm at to 7O ,000 rpm at
cutout cutout

• No gearbox required • Gearbox required for
for most engines all engines

• Inherently speed— • Containment required
limited - requires
no containment • Operates with high or

low pressure supply -

• Operates with high dual admission nozzles
pressure supply —

• single inlet • Air storage requirements

• Air storage requirements - Slight ly  highe r wi th
air turbine starter

- Minimum with air vane
• starter • Longer life

• Limited design life - • No development risk
vane wear

• Production cost slightly
• Some development risk higher

• for propulsion engines

• Low production cost
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High pressure converging—diverging nozzles were

fabricated for the test. The starter was calibrated on
-

- a flywheel test stand at various supply pressures.

The performance of the starter in the low-pressure

mode with a partial-admission nozzle was determined by

blocking three stator vanes of the UTTAS starter nozzle.

This is the space required for installation of the high-

pressure nozzles.

- 
- The results of this testing are presented in
• Table A-3.

• COMPRESSOR DESIGN STUDIES

• A design evaluation of various compressor configura-

tions , pressure level , and compressor drive options was

- studied . Table A-4 presents a sumn~ary of the compressor

- - configuration and pressure level evaluation. Drawings

were prepared for the selected 1000-psi configuration in

order to estimate the fabrication cost.

- 

Various compressor drive options were also studied ~s

illustrated in Figure A-l5. The accessory gearbox—driven

units are the lightest weight and lowest cost compared to

the motor—driven units; however , these uni ts are not

adaptable to various aircraft due to the special drive

arrangement.
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TABLE A-3. RESULTS OF PERFORMANCE TESTING
AIR TURBINE STARTER MODEL ATS l~~-3

- MODIFIED FOR PARTIAL-ADMISSION .

Starter Peak Starter
• :;I pressure ad iabatic e f f e c tive

ratio efficiency nozzle area
(in.2)

(High—Pressure Mode)

10 0.603 0.112

12 0.621

15 0.623

17 0.638

(Low—Pressure Mode)

2 0.476 0.510

3 0.553

4 0.590

5 0.595

NOTES :

1. Starter pressure ratio is inlet total pressure/
exhaust static pressure .

2. Adiabatic efficiency is output shaft horsepower/
inlet air horsepower.
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The air motor and hydraulic motor driven units are

the lowest weight compared to the electric motor dr ive .
However , the electric motor—driven uni ts  are the lowest

“4 cost. All of the motor-driven uni ts  are applicable to
PASS installations depending on the requirements for other

a i r c r a f t  systems. Most general aviat ion a i r c r a f t  use

electrical power for  secondary power systems , resulting in
the electric drive as the optimum approach. Mi l i t a ry  air-

c r a f t  and helicopters usual ly have s u f f i c i e n t  bleed air
and hydraul ic  power to select the lighter weight pneumatic
and hydraulic units.

BREADBOARD COMP RESSOR TESTING

A breadboard compressor was fabr ica ted  and tested to
determine operating characteristics of a unit with the

inlet pressurized from engine bleed air. A schematic of

the un i t  and the design conditions are shown in
Figure A-16. A photograph of the test unit is shown in

Figure A-1L7.

As shown on the schematic , the compressor is a two—

stage unit with the pistons operating in series . That is,

the second—stage piston is on top of the first stage with

the reciprocating mass driven by a single-throw crank-

shaft. With the pistons in series , any leakage past the

second stage enters the first stage , and therefore ,

improves the overall volumetric efficiency compared to an

arrangement wherein a separate piston is vented to the
crankcase.
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Figure A-l6. Schematic of PASS compressor.
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INTEGRATED COMP RE SSOR/TUR BINE DRIVE DEVELOPMENT

A development program for a two-stage compressor with
an integrated air-turbine drive uni t  was recently initi-
ated. AiResearch is working with th~ MC Division of
Kelsey— Hayes on this design. The compressor Portion of the
un it wil l  be fabr ica t ed by MC, and AiResearch will inte-
grate the unit with the turbine and reduction gearing .

F 
The compressor wi l l  be delivered to AiResearch  for  t e s t ing

F in November 1977.

PRESSURE VESSEL AND CONTROLS DESIGN

The main propulsion engine PASS study phase includes

~ comparison of various pressure vessel designs , an
analys is  of control component requirements, and a design
of a pressure regulator and shutoff valve. Proposals were

solicitated from component manufacturers (pressure vessel ,

burst disc , pressure gauges , pressure switches , check
valves , ‘~tc.) to establish the characteristics and cost of

these c imponents.

A comparison was made of a luminum , steel , and glass

filament—wound (composite) pressure vessels. Although the

manufac tur ing cost of the metal l ic  uni ts  is lower , the

composite pressure vessel weight is sign i f i can t ly  lower.

This is illustrated graphically in Figure A—18. An addi-

t ional advantage of the composite un i t s  is their resistance

to shat ter ing when subjected to g u n f i r e . The meta l l i c

un i t s  can be designed to meet g u n f i r e  requirements;  how-

ever , this results  in a s ign i f i can t  weight penalty .

• Detail  design and analysis were conducted for  the PASS

pressure regulator and shu tof f  valve . This component was

selected for detail design in order to determine the con-

figuration required to minimize leakage in the closed posi-
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• P = BURST PRESSURE , PSI
V = INTERNAL VOLUME , CU IN.

-‘ W WEIG HT. LB
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C,

2
9—

0
I—
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UJ c’)
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< C.)

o i ~ 
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c~~~w x
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Figure A—l 8. Weight comparison of
cylindrical pressure vessels.
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tion and provi~ie a controlled opening rate during start—up

to prevent high starter inlet pressures resulting in an
impact torque to the engine . The selected design is shown
and described on the schematic diagram of Figure A—l9.

Although this component has not been fabricated and

teste 1 to -late , a similar unit , based on this design , has
been tested in a 3000—psi system for regulating air pres—

s ire to an air motor used in a gun—drive system .

PRESSURE V1~SSi:L BLOWDOWN CHARACTERISTICS

• Testing was conducted to determine the blowdowrt

characteristics of various pressure vessels. The conven-
- ; tional approach to modeling a stored-gas system is to

assume that the gas expands isentropically (no heat trans-

fer) . In a starting system , this procedure results in

sizing the pressure vessel in excess of that actually

required. This is due to the airflow requirements of the

starter being dependent on the air supply temperature.

The results of the AiResearch testing for a configura-

tion similar to PASS are shown in Figure A-20. As shown ,

the temperature at the starter inlet is much higher than

that calculated assuming isentropic conditions.

The test setup used for this test is shown in
Figure A-21. An orifice was used to simulate the starter

tu rb ine  n o zz l e .  Eight  fee t  of tubing was used to sirnulate
the aircraft ducting .

Data from this test program was used in preparing the

Ai Research computer program simulating the PASS starting

tern
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0 BLOWDOWN TEST W ITH CONSTA NT
AREA ORIFICE PER FIGURE A-21

1.0 

~—0-~~~~

08

~~~~~~~~~~~ ISENTROPIC EXPANSION

0.2 P = INSTANT A NEOUS BOTTL E PRE SSURE , PSI A

• ~INIT IA L = INIT IAL BOT T LE PRESSURE , PSIA

T = INSTANT A NEOUS STARTER IN LET
TEMPERA TURE . °R

T INI T IA L = INITIAL STA RTE R INL ET TEMPE RATURE , °R
0 I I

0 0.2 0.4 0.6 0.8 1.0

~INIT IA L

Figure A—20. Comparison of experimental bottle blowdown
test data with isentropic expansion .
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CONSTANT
HAND A RE A

VA LV E ORIFICE

I 
STEEL TUBING

TWO BOTTLE S

AMBIENT PRE SSURE = 14.1 PSIA
AMBIEN T TEM PERAT UR E = 87°F
TOTA L BOTTL E VOL UME = 1300 IN.3
IN ITIAL BOTTLE PRESSURE = 1150 PSIA (MEASURED AT 1)
INIT IAL BOTTLE TE MPERA TURE = 86°F (MEASURE D AT 2)
LINE LENGTH: 8 FEET (STEEL TUBE)
NOMINAL LINE SIZE: 1.0 INCH
TUBING WALL THICKNESS: 0.035 INCH
LINE BENDS: 90 DEGREES TOTAL

Figure A—2l . Blowdown through constant
area orifice test setup.
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APPENDIX B
DRAWIN GS INCREASING

PRESSURE

REGULATOR SHUTOFF ELECTRICAL ‘F ~~CONNECTION MAT ES WITH ~~~~~~~~~

M83723-86R1005N OR EQUIVALENT t.. —
5 _ _ ) 

- — 2 -

REGULATOR PR ESSURE
SOLENOID SWITCH

WIRING WIRING
DIAGRAM DIA GRAM

• C

-PRESSURE SWITCH ELECTRICAL
CONNECTION MAT ES W ITH
MS3106-1OSL-3S OR EQUIVALENT

RESER V E PRESSURE VESSEL
CONNECTION 1-5/16-12UN-3A THD
PER MS33656E16 

____ _____________ REGUL ATED PRESSUR E
-- - 

.B~~~,_  ~~~ CONNECTION 1-5/16-12W
~~~~~~~~~~ -‘ PER MS33656E16

\ ( !~~TN~COMPRESSOR 
-
4-

- 

4 

- 

-

\~~~~~J7)  

7/ 16-2OUNF-3 A 

—

/ GROUND FI LL
CONNECTION

- - 
- 7/16-2OUNF-3A

- — - - 
- THD PER

—
~~~~~~~~

- 

~~~~~~~ 
- -- ---

~~~~~ 
-- - ____ ___  ___

.5-4’ ____________

Figure B—i. Primary pressure vessel/manifold
assembly (3400 in.3).
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REGULATOR SOLENOID POWER: 1.2 AMP MAX. AT 20 VDC AT 70°F,
VOLTAGE RANGE 18 TO 30 VDC

INCREASING 
REGULATED PRESSURE: 240 ±10 PSIG

‘
-
~ 

REGULATOR IS SPRING LOADED CLOSED. ENERGIZE SOLENOID TO OPEN.

I~ F— }  BURST PRESSURE: 3520 PSIG

____ 
PROO F PRESSURE: 2660 PSIG

I I RUPTURE DISC BURST POINT: 2000 ± 200 PSIG
PRESSURE MA X IMUM PRESSU R E  DECAY P ER DAY AT 1000 PSIG: 5 PSI

SWITCH
WIRING PRESSURE SWITCH:

DI AGRAM SW I TCH POIN T, INCRE ASING: 1050 PSIG
SWITCH POINT. DECREASING: 900 PSIG
ELECTRICAL RATING: 3 AMP INDUCTIVE AT 30 VDC

AMBIENT TEMPERATURE: -65°F to +160°F
OPERATING TEMPERATURE: -65° F TO +350° F
MAXIMUM OPERATING PRESSURE- 160C PSIG
NORMAL OPERATING PRESSURE: 1000 PSIG

EGULATED PR ESSU R E  O U T L E T  OP ER ATING M E D I U M: AIR OR N I TROG EN
DNNECTION 1-5/16-12UN-3A THD
ER MS33656E16

_ _ _  • -~~~~~—-_ _  -

I
LI

-1 

— —
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BURST PRESSURE: 3520 PSIG AMBIENT TEMPI

PROOF PRESSURE: 2660 PSIG OPERATING TE~
RUPTURE DISC BURST POINT: 2000 ± 200 PSIG MAXIMUM OPER
MAXIMUM PRESSU RE DECAY PER DAY, AT 1000 PSIG: 5 PSI NORMAL OPERA
PRESSURE SWITCH: OPERATING MEl

SWITCH POINT, INCREASING: 1050 PSIG
SWITCH POINT, DECREASING : 900 PSIG
ELECTRICAL RATING: 3 AMP INDUCTIVE AT 30 VDC

/

/

/

/

Z
7~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

PR ESSUR E 
\

UTLET cONNECTIO>
~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~UPTUR E DISC

I —______ 
_ _ _ _ _

Figure B-2. Reserve pressure vessel/manifold
assembly (340 0 in.3).
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~ IG AMBIENT TEMPERATURE: -65°F TO +160°F

~SIG OPERATING TEMPERATURE: -65°F TO +350°F
NT: 2000 k 200 PSIG MAXIMUM OPERATING PRESSURE: 1600 PSIG

~iY PER DAY , AT 1000 PSIG: 5 PSI NORMAL OPERATING PRESSURE: 1000 PSIG
OPERATING MEDIUM: AIR OR NITROGEN

ING: 1050 PSIG
ING: 900 PSIG
~ AMP INDUCTIVE AT 30 VDC

i-5~~~6-i2UN-3B ThO

~~~
T36T16 

_ _ _ _ _ _ _ _ _ _  _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _

+

3e1/manifold

- 

- 

-L -
~~~~~ 

-
~ 

- 
-
, 

- - _______ 
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ELECTRICAL REQUIREMENTS:
VOLTAGE: 28-32 VDC

KEY LOCATION ±10 DEGREES ”~ 
CURRENT: AT 28 VDC AND 70°F

HOLDING: 0.9 AMPS
DUTY: CONTINUOUS

\t 
INR~ SH: 18 AMPS

ELECTRICAL RECEPTACLE
3. PER MS38678A-1OSL-4P

FITTING END PER

- 

- 

MS33656E16 TYPICAL— ~~~~~~~~~~~ ~~~~~~~ 

— - 

?—

i.ee
FLOW

-~~~~~~~ i~~s ~~~~ -

2 G.42

Figure B-3. Solenoid shutoff valve.
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—-55--- 
- 5- —--

~~~~~~~~~~~~~~~
----- -- - -,

HIGH PRESSURE PORT
1.3125-12UNJ-3B THREAD
PER MS33649-16--—---\

- 
- ‘a__ I.ev r ~~~~~~~~~~~~~~~~

L b% ~~r ~~
-
~~--

~~ \ _________ ______

APPROXIMATE ~ ~~~~~~~~~~~~~ . .  ~~~~~~~ r - 
-

~~~~ ~~~
-
~~
°

~~~~

- -‘
~
-‘

C.G. (TYPICAL ) I 
- DOWN STRE A M

7” PRESSURE PORTJ 
~~~~~~~~~~~~~~~~ /EXHAUST PAD A

- - , 1
KEY LOCATION I “iiiri 

~~~~~~~~~ WITH I
-• - 

- 
- 2~ ±10 D E G R E E S - 

- 
—

F - - i

~~~~~~~~ 
CONNEC~~ON

.> M83723-86R1005N 
— 

_ _ _ _ _

\_i~~~~)~~~~ 
OR EQUIVALENT

_~~_~~5~~~~~~~~~~~_ •~S~~ W I R I N G  DI AGRAM 

L / _ _ _ _ _ _ _ _ _ _

DOWNSTREAM PRESSURE PORT \ /  ~~~~~~

‘

4875-2OUNJF-3B THREAD \

PER M533649-4 \-1O-32UNF-3B THD
1-1/2 DIAMETER MAGNETIC OIL
LOCKING HELICOIL DRAIN PLUG
THROUGH

Figure B—4. Air turbine starter.
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~~~~~~~~~~~

1
GAUGE POINT

~~~~~~~~~~~~~~~ T
D

FLANGE 
~~~~~~~0 M IN . REMOVAL 

_ _

r t.4 I~~~~~~~
&

~ 

\
CLEARANCE

.,
~~~~ I ~~~~~~~~~~~

‘ OIL FILLER CAP-~-~
1.4~ -

~~~~1 
~~~ - ‘°‘ ‘~~~~~ -

M~~* ~~~~~~~~~~~~~~

~ ~~~~~~~~~~~~~~~~~~~

- 
MIsi I. za -se. g M~~~~.

_______ - - ____________ 
-

4..5i 
___________ 

I ~~~~~~~~~~~~~~~~~~~~~~~~~~
4~~~7 / DIRECTION OF ROTATION
•-40____________ _________

H - _____________

~~~ 
- -DRAIN CONNECTIONy MAGNETIC MATES WITH MS33656-3
~ PICKUP (REF)

MAGNE1 IC OIL WIRING
P G DIAGRAM

- -
5

hIIL ~~_i_ - -- - - ---S - - 
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DUTY CYCLE: 1 MINUTE OPEN FOLLOWED BY 1 MINUTE CLOSED, OR, BURST PRE~
2 MINUTES OPEN FOLLOWED BY 5 MINUTES CLOSED PROOF PRE~

UNIT WILL BE FULL OPEN BETWEEN 17 AND 26 PSIG TO MINIMIZE PRESSURE DROP POSITION INI
UNIT REGULATED DOWNSTREAM PRESSURE TO 40 ±2 PSIG WITH INLET WHEN THE ‘~
PRESSURE FROM 38 TO 50 PSIG POSITION INI
INLET TEMPERATURE: 500F (MAXIMUM) CURRENT O~
INLET PRESSURE RANGE: 20 TO 55 PSIG SOLENOID 01
AMBIENT TEMPERATURE: -65°F TO 275°F OPERATING SOLENOID 01

-65°F TO 325°F NON-OPERATING TOTAL LEAK
THIS UNIT IS SPRING LOADED CLOSED WHEN THE SOLENOID IS DE-ENERGIZED. PORT LEAKAENERGIZE THE SOLENOID TO GO ON REGULATION.

\ 4.V.
-

1;—- imc~is 
_

\ \
_ _
~~~~~~ I

HARD ANODIZE-~~ ! ~\~~y\\ I L-. ~~ 4-es -

\
~

;-s
~~ 1~

- 

_~i~
--

~~~~~~~~~~ ~ GAUGE POINT
SCALE: NONE

~~ (TYPICAL)
BOTH ENDS

Figure B—5. Starter control valve.
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BURST PRESSURE: 165 PSIG AT 500°F
PROOF PRESSURE: 110 PSIG AT 500°F

RE DROP POSITION INDICATOR SWITCH IS AS SHOWN IN THE WIRING DIAGRAM
WH EN THE VALVE IS FULLY CLOSED (WITHIN 0-3 DEGREES)
POSITION INDICATOR SWITCH: 16-30 VDC MAXIMUM INRUSH
CURRENT OF 4.0 AMPERES

SOLENOID OPERATING CURRENT: 1.0 AMP MAX iMUM AT 30 VDC AT 70°F
SOLENOID OPERATING VOLTAGE: 16-30 VDC
TOTAL LEAKAGE: 0.40 LB/MIN MAX. AT 55 PSIG INLET PRESSURE AT 80°F

lED. PORT LEAKAGE: 0.20 LB/MIN MAX. AT 55 PSIG INLET PRESSURE AT 80°F

(+1 flj i~~~~jj 
--

WIRING DIAGRAM
(SHOWN DE-ENERGIZED)

L~7O - ____________________

- 

- 

~~~~~~ ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~‘
~7 \ 

v—ELECTRICAL CONNECTION
- 

~, MATES WITH M83723-86R1005N
\ OR EQUIVALENT

- \ sEE WIRING DIAGRAM)
\

KEY £.~~*flON

—

- -~~~~- _~~~~~~~ S 
-

L~
-
~ 

5.- - -- - - - . -- ---- ----- • S
-55-- -55-- -5-- ~—-  5 5 5 5  -5-- 5 5- - -—  -5- -



- _ _ _  

-

BLEED AIR INLET CONNECTION 
- 

- — _______  —

1.3125-12UNJ-3B THREAD PER I [~~~IL—.. —
MS33649-16 - -= ___•S

\ 
0

-COMPRESSED AIR OUTLET 
________CONNECTION 0.4375-2OUNJF-3B

THREAD PER MS33649-04

P7~~7 
—

~ \\  
_ _ _ _ _  _

_iI~~~~ ~~~~~~~
_ _ _-

- I / I

_ _  _ _ _  

T 4 4~L~~~~~~~~~TC~.

______ ____________ 
L~~’ II.!’7 

____________— 

~~~~~~~~~~ I 

_r~
:_

TURBINE I 
___EXHAUST

CONNECTION

Figure B—6. Recharge compressor.
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REGULATOR SHUTOFF ELECTRICAL
CONNECTION MATES WITH
M83723-86R1005N OR EQUIVALENT

INCREI
I PRESS

_ _  

4 )
CI— -‘

5 J ~~ISLD

REGULATOR PRESSUR
a ‘:- SOLENOID SWITCH

W I R I NG W I R I N G
- 

DIAGRAM DIAGRAM
- PRESSURE SWITCH ELECTRICAL

CONNEC T ION MATE S WITH
MS3106-1OSL-35 OR EQUIVALENT

RESERVE PRESSURE
VESSEL CONNECTION ,—REGULATED PRESSURE

__ 1-1/16-12UN-3A THD I OUTLET CONNECTION
• PER MS33656E12 jr 1-1/16-12UN-3A THD

— -  . PER MS33656E 12
1...— 3 ) IIIA)C - -. 

/

I 
/ I

f - - - 

I ~-- - - 

~f i-~r-~ FH ~
Lt-

~ J
‘ 

~PRESSURE GAUGE
—- - - - --5- I -

- — -

- - ~~~~~~~~~~~~
- _ ~~~. - - ~~~~ s I

- -  I- C - 
I. ._?I

- i  - 

I

RUPTURE DISC 
-

-- - ‘-COMPRESSOR GROUND FILL
I CONNECTION CONNECTION

7/16-2OUNF-3A THD 7/16-2OUNF-3A

2425 ____ 

PER MS33656E4 PER MS33656E4

_____ 500 _ -
~~ 4.8S

‘I Figure B—7. Primary pressure vessel/manifold
assembly (1000 in.3).
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)R SHUTOFF ELECTRICAL
ON MATES WITH
R1005N OR EQUIVALENT

INCREASING
PRESSURE REGULATOR SOLENOID POWER: 1.2 AMP MAX. AT 28 VDC AT 70° F.

VOLTAGE RANGE 18 TO 30 VDC

____ 

REGULATED PRESSURE: 240 ±10 PSIG

NO~ C REGULATOR IS SPRING LOADED CLOSED. ENERGIZE SOLENOID TO OPEN.
____ I BURST PRESSURE: 3520 PSIG
LATOR PRESSURE
ENOID SWITCH PROOF PRE URE. 2660 PSIG

IING WIRIN G RUPTURE DISC BURST POINT: 2000 ± 200 PSIG
3RAM DIAGRAM MAXIMUM PRESSURE DECAY PER DAY , AT 1000 PSIG: 5 PS I
ECTRICAL PRESSURE SWITCH:

$JIVALENT SWITCH POINT, INCREASING: 1050 PSIG
SW ITCH PO INT , DE CR EASING: 900 PSI G
ELECTRICAL RATING: 3 AMP INDUCTIVE AT 30 VDC

PRESSURE 
AMBIENT TEMPERATURE: -65° F AT +160° F

3A THD OPERATING TEMPERATURE: -65° F TO +350° F
JE12 

- -  

MAXIMUM OPERATING PRESSURE: 1600 PSIG

1 fl NORMAL OPERATING PRESSURE: 1000 PSIG
OPERAT ING MEDIUM: AIR OR NITROGEN

- ~~~~~~ - - - -- -------- - --_ _ _  - -—_ _ _ _ _  _ _ _ _ _ _ _ _ _

~~~~~o~~~D FILN~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~CONNECTION
I 7/16-2OUNF-3A
I PER M533656E4 

_____________________________________________.4-. - - ---—-_____________________________________________________

i - i
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BURST PRESSURE : 3520 PSIG AMBIENT TEMPERATURE: -

PROOF PRESSURE: 2660 PSIG OPERATING TEMPERATURE:

RUPTURE DISC BURST POINT: 2000 ±200 PSIG MAXIMUM OPERATING PRES

MAXIMUM PRESSURE DECAY PER DAY , AT 1000 PSIG: 5 PSI NORMAL OPERATING PRESS

PRESSURE SWI TCH 
OPERATING MEDIUM: AIR

SWITCH POINT , INCREASI NG: 1050 PSIG
SWITCH POINT, DECREASING: 900 PSIG
ELECT R IC A L RATING: 3 AMP I NDUCTI V E AT 30 VDC

24. I S

Figure B-8. Reserve pressure vessel/manifold
assembly (1000 in.3).
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AMBIENT TEMPERATURE: -65°F TO 160° F
OPERATI NG TEMPERATURE: -65° F TO +350° F

±200 PSIG MAXIMUM OPERATING PRESSURE: 1600 PSIG
Y, A T 1000 PSIG: 5 PSI NORMAL OPERATING PRESSURE: 1000 PSIG

OPERATING MEDIUM: AIR OR NITROGEN

60 PSIG
00 PSIG
JDLJCTIVE AT 30 VDC

— O UTLET CONNECTION
\ 1-1/16-12UN-3B THD
\ PER MS33649-12 _________________ - _________________

4

24.15

~re vessel/manifold
) in.3). ‘~1
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ELECTRICAL REQUIREMENTS:

VOLTAGE: 28-32 VDC
CURRENT: AT 28 VDC AND 70°F

KEY LOCATION ±10 DEGREES_N HOLDING: 0.9 AMPS
DUTY: CONTINUOUS

ELECTRICAL RECEPTACLE ~~~~~~~~~
PER M538678A-1OSL_4P I

FITTING END PER 
____

2 

- - - - ______

FW~~J

~~~. 2O5cS~~~~~~~

-
~~~ 454ö

Figure B-9. Solenoid shutoff valve.
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-5-5-- 
~~~~~~-~~

=- -- —

HIGH PRESSURE PORT / I
10625-12UNJ-3B THREAD
PER MS33649-12-----

D~~~ J 4~~o

.12 —

. 10
- 

D 
~ .

- - 
_______  

~~~~ 

50

- 

. 
~~~~~~~~~~~~~ c.~ . ~~~~~~~~~~~~~~~~~~~~~~~ ~ 

-
~~~~ I I *05 -

\ ‘ DOW N STRE AM I

- - ,
Z

’ PRESSURE PORT /EXHAUST PAC

~~~~~( 

~ ±~0~DEGREES ~~~ _ _

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

\ OR EQUIVALENT I / 4 -9  
________

~~~~~~~~ ~~~E W I R I N G  DIAGRAM

- DOWNSTREAM PRESSURE \
PORT 0.4375-2OUNJF-3B \

THREAD PER MS33649-4 “ -10-32UNF-3B THD
1 1/2 DIAMETER MAGNETIC OIL

LOCKING-HELICOIL DRAIN PLUG
THROUGH

Figure B-b . Air turbine s tar ter .
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IIVALENT 4 - 9j / DIRECTION OF ROTATIONSING DIAGRAM 4:81 
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